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Abstract
In this dissertation, the discrete molecular dynamics (DMD) and molecular dynamics (MD)
were performed to explore the catalysis of H-D-Pro-Pro-Glu-NH2 derivatives in an aqueous solution.
The amphiphilic nature of H-D-Pro-Pro-Glu-NH2 derivatives drives the formation of an emulsion
and allows for excellent reactivity and selectivity on catalyzing Michael addition reactions between
aldehydes and nitroolefins. The DMD and MD simulations provide a detailed atomic-level understanding of emulsion structure and offer insight into the role of emulsion structure on catalysis.
Chapter 2 studied the catalysis of H-D-Pro-Pro-Glu-NH-C12 H25 on catalyzing Michael addition of butanal to nitrostyrene in an aqueous environment. A hypothesis has been proposed that
the catalyst H-D-Pro-Pro-Glu-NH-C12 H25 aggregates with reactants to form an emulsion, which
provides a micro-hydrophobic environment that similar to that in organic solvents. The hypothesis
was tested by sampling the emulsion structure with DMD and MD methods. The results illustrated
that the hydrophobic environment provided by emulsion facilitates the formation of enamine intermediate. The highly concentrated nitrostyrene assembled by catalysts makes the carbon-carbon
bond formation between enamine intermediate and nitrostyrene occur rapidly.
Chapter 3 explored the role of different derivatives on emulsion formation and gave insights
into the reaction mechanism. Two different H-D-Pro-Pro-Glu-NH2 derivatives (H-D-Pro-Pro-GluNH-C12 H25 and H-D-Pro-Pro-Glu-N-(C12 H25 )2 ) have been studied by DMD and MD simulations.
The experimental results demonstrated that the H-D-Pro-Pro-Glu-N-(C12 H25 )2 shows lower reactivity on catalyzing the Michael addition reaction of butanal to nitrostyrene under an aqueous
environment in comparison to H-D-Pro-Pro-Glu-NH-C12 H25 . The atomic-level understanding of
emulsion structure formed by catalysts suggests that the extra hydrophobic alkyl chain C12 H25 at
C-terminal of H-D-Pro-Pro-Glu-N-(C12 H25 )2 provides better protection of active site (D-proline)
from water in comparison to that of H-D-Pro-Pro-Glu-NH-C12 H25 . This better water exclusion of
ii

D-proline is responsible for the lower reactivity.
Chapter 4 aimed to understand the scope of substrates on H-D-Pro-Pro-Glu-NH-C12 H25
catalyzed the Michael addition reaction of aldehydes to nitrostyrene in water. The experimental
results showed that the reaction rate does not only depend on the reactivity of the substrates but
also heavily on the structure of the emulsion. Three different aldehydes were studied and emulsion
structures of three aldehyde systems have been generated by DMD and MD simulations respectively.
It was found that increasing the hydrophobicity of aldehyde increases the concentration of aldehyde
at the oil-water interface, which contributes to the rate enhancement.

iii
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Chapter 1

Introduction
Proline and proline derivatives have been demonstrated to be excellent organocatalysts for a
wide arrange of symmetric reactions, especially for the aldol or Micheal reaction. This introduction
will provide an overview of the development of proline derivatives in catalyzing asymmetric aldol
and Micheal reactions. Organocatalyst as a “minimal” version of enzymes, shares similarities with
enzymes. Thus, it is important to mention the enzymes and their overall scheme of chemical catalysis.
Water becomes a desired solvent because of the increasing demand for “green chemistry”, great
successes have been achieved in the discovery of effective organocatalysts with water as a solvent in
recent years. We devoted discussions to the structural and mechanistic aspects of the proline and
proline-derived catalysts on aldol or Micheal reactions under an aqueous solution. Computational
techniques are an important toolbox to understand the structure and mechanism of organocatalysis.
We briefly summarized some important computational techniques and their applications in the
organocatalysts.

1.1

Chemical Catalyst
Catalysts have a prominent impact on synthesis due to their ability to accelerate the reac-

tions. Nature is full of chiral molecules. Chiral is also crucial for many biological functions. For
example, many biologically active molecules are chiral, and they interact with guest molecules in
different ways. Enzymes are naturally efficient methods to achieve high enantioselectivity. We called
this type of catalyst an asymmetric catalyst that catalyzes symmetric syntheses. Asymmetric syn1

theses often are called stereoselective, which is defined as the synthetic operation that produces a new
chiral center. The stereoselectivity ranges from 50:50 (nonselective) to 100:0 (perfectly selective).

1.2

Enzymes
Enzymes’ ability to catalyze asymmetric reactions with outstanding catalysis (high selec-

tivity and high reactivity) plays fundamental roles in almost all life processes[147]. They mostly
operate at the mild conditions in aqueous solutions at (or near) neutral pH values. The high levels
chemo and regioselectivity are benefited from the intricate macromolecular structure of enzymes by
creating clefts or pockets in which compounds may only fit in a certain orientation[107]. The pockets
at the active site formed by enzymes work as a “reaction flask” that diminishes the contacts between
the bulk water and the reaction transition states. Because the enzyme presents as a water-soluble
reaction flask in water, it is more instructive to consider the enzyme-catalyzed reaction is taking
place “in organic solvent” rather than “in water”.
Carbon-carbon bond formation plays an important role in constructing the backbone of
organic molecules[98]. Aldol reaction is one of the most powerful methods to form carbon-carbon
bonds and has been ubiquitously used in nature[34, 63, 135]. They not only have a high yield with
high specificity under mild conditions but also create new stereogenic centers with control relative
and absolute configurations. Based on the different catalytic mechanisms, there are two general types
of aldolases as shown in Figure 1.1. In Type I aldolases, the functional primary amine component
of the enzyme(lysine) activates the donor by forming the enamine intermediate in the hydrophobic
active site (Path A)[87]. This enamine-based pathway inspired synthetic chemists to mimic Type I
aldolases and design short peptide catalysts with high efficiency and high stereoselectivity. Whereas,
the Type II aldolases involved the divalent cofactor, such as Zn2+ , Mg2+ and Co2+ , coordinated to
histidine residues located in the enzyme pocket and stabilizes the negative charge of enolate formed
during catalysis[119].

1.2.1

Computational Studies of Enzyme
Enzymes’ high chemo-, regio-, diastereo- and enantioselective catalytic properties intrigued

researchers to investigate the mechanistic reason of rate enhancement. There are two dominant
factors that have been proposed to explain the catalytic properties of enzymes. The first one is
2

Figure 1.1: Mechanisms of Type I and Type II aldolases[32].
the noncovalent interactions, including electrostatic interactions (hydrogen bonding) and van der
Waals (steric and dispersion) interactions, that bind the transition state (TS) stronger than the
ground state (GS)[154]. The second important factor is the entropic factor. For example, the
preorganization (protein folding) of the reacting group together to facilitate the reaction during the
protein folding[107]. In contrast to the case in aqueous solution where the enzyme has to pay a free
energy price to organize the water dipoles for transition state stabilization, the preorganization of
the environment removes a large solvent reorganization entropy that lowers the activation energy.
This is conceptually different from lowering the activation energy by binding to the TS[76].
Although Pauling[111] proposed that the tight-binding of TS is the major contributor to
the catalytic proficiency of enzymes in the 1940s. Without the structural data and free energy
landscape, the origin of the tight-binding of TS is unclear. The quantum mechanical (QM) methods
can be utilized to understand the structural information of TS, free energy landscape, and provide information about bond breaking and forming. However, the large size of enzymatic systems
makes the pure quantum mechanical method very computationally costly. The hybrid quantum mechanical/molecular mechanical (QM/MM) method become popular to study the chemical reactions
catalyzed by enzymes because of the lower computational cost. The QM/MM utilizes the divide and
conquer approach to divide the simulation system into two regions. The most important part of the
system (the inner layer), which contains the reacting fragment, is represented quantum mechanically
The rest of the system is represented with a less expensive molecular mechanical method. The Hamiltonian representation of the full system is described by adding the QM Hamiltonian (HQM ) of the
inner layer, and MM Hamiltonian (HM M ) of the outer layer with the explicit coupling Hamiltonian
term (HQM/M M ) that describes the interactions between both layers[140]. The effective QM/MM
3

Hamiltonian of the full system can be defined by H = HQM + HQM/M M + HM M . The coupling
term, which includes the bonded, electrostatic, and van der Waals interactions between the atoms
in both regions, is crucial.
The QM/MM method is widely used in understanding the catalysis of enzymes[2, 20, 50].
As mentioned above, carbon-carbon bond formation is one of the most important reactions in nature. During the second step of transformation, there is two carbon-carbon bond formation between
2-pyrone and pyruvate enolate, which is catalyzed by macrophomate synthase (MPS) of the phytopathogenic fungus. However, the mechanistic route of the two carbon-carbon bond formations
was unclear. Two possible mechanisms were proposed, the Diels-Alder reactions and the stepwise
Michael-aldol reaction. Jorgensen and coworkers[55] used QM/MM methods combined with freeenergy perturbation (FEP) and Monte Carlo simulations to calculate the relative stability of the
TS for both pathways. The computational results found that the Diels-Alder TS model is higher
in free energy than the Michael and aldol TSs in the stepwise route, which provides computational
evidence to support that the Michael-aldol mechanism is the most viable route used by MPS during
the second step transformation. In Figure 1.1, type II aldolases utilize the divalent metal ion as a
cofactor to facilitate the enolate formation. His45, Arg70, and Asp42 show significant effects on the
catalytic activity according to the experimental results[138, 139], albeit the actual role was unclear.
The QM/MM method has been employed to explore the role of His45, Arg70, and Asp42[64]. The
QM/MM computational results elucidated that His45 is involved in both deprotonation and substrate binding. The Arg70 and Asp42 form a salt bridge, which is responsible for stabilizing the deprotonated substrate and facilitates the following aldol cleavage. The rate-limiting step was predicted
to be the carbon-carbon bond cleavage step. With the help of the QM/MM method to calculate
the free-energy landscape and the electrostatic interactions between the substrate and the different
regions of the enzyme, the development of artificial enzymes gained tremendous momentum[123].
Vicent and coworker used the multiscale QM/MM methods to investigate the molecular mechanism
of the artificial de novo retro-aldolase, the RA95.5-8F[122] and RA95.5-5[33]. The free energy landscape calculated by QM/MM confirmed that the RA95.5-5 has a higher overall activation free energy
barrier in comparison to that of RA95.5-8F. The details of all reaction steps have been defined. For
example, the rate-limiting step of the RA95.5-5 is the carbon-carbon bond cleavage, whereas the
rate-limiting step of the RA95.5-8F is the decomposition of an enamine intermediate. Furthermore,
the decomposition of electrostatic interactions between each amino acid and substrates gives insights
4

into the mutations that can further improve the efficiency of the enzyme. The powerful QM/MM
computational methods provide an atomic-level understanding of enzymes, which gives us insights
into the mechanism of the catalysis. However, the QM/MM has some intrinsic issues. For example,
there is no guarantee that the optimization methods can always find the global minimum. The
minimization may converge to the local minimum, which is not necessarily the global minimum of
the system.
The examination of the time-dependent dynamic motions and the conformation structures
of ground states compared to transition states shed light on both intramolecular and structural
preorganization. However, the dynamics information of enzymes provided by experimental techniques is limited in spatial and temporal resolution. Therefore, modeling the atomic-level motions
of enzymes by using the computational method gained momentum. Tremendous advancements in
simulating the motions of proteins were achieved by using molecular dynamics (MD) simulations.
The basic idea of MD is to represent each particle (atom or atoms) with positions and velocities,
and update the corresponding positions and velocities by the following law of classical physics. The
forces acting on the particles are called the “force field”, which is designed by the combination of
quantum mechanical computations and experimental data. Despite that MD suffers from limitations such as the accuracy of the force field models, the timescales have been shorter than interested
biomolecular events. MD simulations are a very important biological research tool to help the understanding of enzyme catalysis, such as the stability of specific hydrogen-bonding interactions, the
relative flexibility of different subsets of enzymes, and equilibrium information for each state along
the reaction pathway[42]. For example, the experimental in-vitro analysis found that the venenatine
and spinosine are giving the best inhibition rate against the p300 histone acetyltransferase (HAT)
enzyme, which regulates the chromatin modification[80]. However, the inhibition mechanism and
atomic-level information of molecules with p300 HAT were not yet known. The MD simulations have
been applied to explore the stability and conformational modification of the best two p300 inhibitors
in the catalytic site region[90, 37]. It was found that the abnormal variation conformation affects
the biological function of the enzyme. During the MD simulations, both venenatine and spinosine
adopt new conformation when the molecules present in the active site of p300. These conformational
changes significantly contribute to the inhibition efficiency. Furthermore, the RMSD analysis of MD
trajectories indicated that the stability of spinosine molecules in the active site amino acid residues
is higher than that of venenatine.
5

The traditional brute force MD simulations are heavily dependent on the force-field parameters of atomic interactions. The cross-system transferable and well-defined force-field parameters
enable traditional MD to achieve huge success in biophysical studies. However, the finely-tuned
physical force-field requires high demand computational cost and suffers from the time and length
scale often shorter than biologically relevant scales. Dokholyan’s group[36] proposed an alternative
simplified discrete molecular dynamics (DMD), which introduced the “square-well” atomic interaction potential. Different from traditional MD’s continuous potential, this “square-well” potential is a
step-wise potential. Therefore, the derivatives of potential are either zero or infinity. The simplification significantly extends the length and time scales of large molecular complexes to seconds, which
is 108 − 1010 -times faster than those of traditional MD simulations. This rapid simulation method
has been successfully applied in the studies of protein folding and aggregation[40, 39]. However,
protein-protein interactions require a higher resolution protein model and transferable force fields.
To solve this problem, Dokholyan’s group[38] developed an all-atom DMD model with a transferable
interaction function by using van der Waals (VDW) potential, explicit modeling of hydrogen interaction, and an implicit Lazaridis-Karplus solvent model. A series of experiments have been performed
to demonstrate that the newly developed method can reach the native or near-native states[38]. The
all-atom DMD model has been extensively used in studying protein folding thermodynamics and
kinetics[116, 126, 131, 132, 153].

1.3

Peptide Catalyst
Evidence has been found that the peptidic catalyst contributes significantly to the formation

of prebiotic key building blocks, such as sugars[115]. This fascinated synthetic chemists to miniaturize these enzymes into short peptides (2-50 amino acids) by mimicking the bio-enzymatic process.
For example, the amino acid proline mimics the amine-based asymmetric class I aldolase to catalyze the direct aldol reaction between acetone and different aldehydes[83]. The tremendous success
of peptidic asymmetric catalysts has been achieved in recent years. The facile synthesis, modularity, high reactivity, and selectivity properties of peptide catalyst has established its importance
in asymmetric catalysts for a range of reactions[32, 121, 141], such as acylation reactions[77, 78],
oxidations[113, 102], hydrolytic reactions[35, 41], and carbon-carbon bond formation[96, 97].

6

Figure 1.2: Enantioselective intramolecular aldol cyclization[57].

Figure 1.3: Design of potential peptide catalysts[74].

1.3.1

Proline-derived Catalyst
The unique properties of proline, such as secondary structure, cyclic and pyrrolidine-based

amino acid, makes proline an important Lewis-base-type catalyst that promotes iminium- and
enamine-based reactions[81]. Furthermore, the pyrrolidine portion of proline enables the formation of iminium ions and enamine with carbonyl compounds more quickly than other amines[61].
Therefore, the single amino acid proline is a remarkable asymmetric catalyst, which can catalyze
aldol, Mannich, Micheal reactions[83, 101]. Here, we mainly focus on the proline catalyzed reactions that are relevant to our research, including aldol and Micheal reactions. The proline catalyzed
enantioselective intramolecular aldol cyclization reaction with high enantiomeric excess and chemical
yields were first documented by Hajos and Parrish[57] in 1971 (Figure 1.2). This reaction plays a
significant role in the emergent field of enantioselective organocatalysis. List and co-workers applied
L-proline as a catalyst on catalyzing direct asymmetric aldol reactions between hydroxyacetone and
various aldehydes[105], with excellent enantioselectivity up to 76% (Table 1.1 Entry 1). Later 2003,
Reymond and co-workers’[74] examined different classes of peptides, as shown in Figure 1.3, to offers
insight into the catalysis of peptides on direct asymmetric aldol reactions. Class I is aimed to mimic
Type I aldolases by involving primary amine. Class I-a bears a quaternary ammonium group to lower
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Entry

Reaction

Yield/Conv.[%]

ee[%]

1[105]

68

76

2[74]

96

66

3[125]

96

73

4[23]

91

82

Table 1.1: Asymmetric aldol reaction catalyzed by proline and derivatives
the pKa of the amine to pKa = 7 and Class I-b used a free N-terminus as catalytic group. Class
II incorporated secondary amine or proline at N-terminus to mimic proline-based catalysts. Free
carboxyl function group was used in Class II to compensate for the proline’s own carboxyl group.
It was observed that only N-Terminal prolyl peptides with an additional carboxyl group showed reactivity and moderate enantioselectivity on the reaction between acetone and p-nitrobenzaldehyde,
where H-Pro-Glu-Leu-Phe-OH achieved up to 66% enantiomeric excess and 96% of conversion (Table
1.1 Entry 2). This finding established proline as a reactive residue in peptide-catalyzed reactions.
Based on H-Pro-Glu-Leu-Phe-OH, List and Martin designed dipeptide (L)-H-Pro-(L)-Phe-OH as
catalysis of reaction between 4-nitrobenzaldehyde and acetone[125]. Unfortunately, the low yields
(87%) and enantioselectivity (59%) were obtained with pure acetone. Different solvent conditions
were examined, the DMSO-NMM-PGME 5000 system under 0 ◦ C was verified as the best condition
to achieve 96% yield and 73% enantioselectivities [125] (Table 1.1 Entry 3). Reddy and co-workers
further improved the enantioselectivity up to 82% using designed designed dipeptide H-Pro-Thr-OH
with solvent choloroform[23] (Table 1.1 Entry 4).
The proline-catalyzed Michael reaction between unmodified ketones to nitroolefins results in
poor enantioselectivities, but high efficiency[84] (Table 1.2 Entry 1). Independent of Micheal acceptor, the proline catalyzed Micheal reaction via enamine mechanisms shows much lower enantioselectivities in comparison to that of proline catalyzed aldol reaction in general. Extensive work has been
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Figure 1.4: a) Lowest-energy conformation of proline. b) Transition state of aldol reactions catalyzed
by proline. c) Lowest-energy conformation of H-Pro-Pro-Asp-NH2 . d) Proposed transition state of
conjugate addition reaction catalyzed by H-Pro-Pro-Asp-NH2 [144].
done to maximize the enantioselectivities of proline-derived catalysts, such as optimizing the reaction
conditions (e.g. adding additives, optimize temperature and solvent) and designing novel catalysts.
The limited solvent compatibility of proline motivated researchers to increase the lipophilicity of
proline. Steven and co-workers[16] replaced carboxylic acid in proline with tetrazoles, which have
similar pKa but increased lipophilicity. They found that the designed pyrrolidinyltetrazole outperforms proline in several alcoholic solvents in product yield and enantioselectivity. Under the mixed
solvent of ethanol and isopropanol in ratio 1:1, the enantioselectivity of pyrrolidinyltetrazole catalyzed nitro-Michael reaction increased from 47 to 62 in comparison to that of L-proline catalyzed
(Table 1.2 Entry 2). Tremendous advancement has been achieved to optimize the L-Proline-based
organocatalysts by replacing the carboxyl function [109, 100, 15, 47, 7, 108, 86, 59]. For example,
Barbas and co-workers replaced the carboxyl function with a tertiary aminomethyl which consists
of diverse points, and achieved 61% enantioselectivities[22] (Table 1.2 Entry 3). Inspired by Barbas’
work, Gong and co-workers designed triamine to catalyze Michael addition between cyclohexane to
nitrostyrene with high enantioselectivity up to 82% [156] (Table 1.2 Entry 4). The introduction of
dimethylamino- on the pyridine ring at the 4-position significantly improved the enantioselectivity
up to 95% [67] (Table 1.2 Entry 5).

1.3.2

Pro-Pro-Xaa Catalyst
The List and Houk group proposed the mechanism of proline catalyzed aldol reaction[27],

involving the initial formation of enamine and subsequently reacting with aldehyde and proton
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Entry

Reaction

Yield/Conv.[%]

ee[%]

1[84]

94

23

2[16]

96

62

3[22]

80

61

4[156]

65

82

5[67]

78

95

Table 1.2: Asymmetric Michael addition reaction catalyzed by proline/proline-based organocatalysts
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Figure 1.5: Reactions between aldehyde and nitroolefins/nitroethylene[144, 143]
transfer from the carboxylic acid (Figure 1.4b). During the reaction, the carboxylic acid of proline
not only provides a proton but also stabilizes the transition state. However, the short distance
between secondary amine and the carboxylic acid limits the catalysis of the 1,4-addition reaction.
Wennemers’ group documented that the peptide H-Pro-Pro-Asp-NH2 allows catalysis of not only
1,2- but also 1,4-addition reactions of aldehydes to nitroolefins[75]. As shown in Figure 1.4, the
extra 3 Å distance between secondary amine and the carboxylic acid of peptide H-Pro-Pro-Asp-NH2
in comparison to that of proline stabilizes the transition state of 1,4-addition reactions.
Wennemers’ group expanded the peptide catalyst H-Pro-Pro-Asp-NH2 to Pro-Pro-Xaa (Xaa
= acidic amino acid) category, which allows for catalyzing the aldol reactions and Michael addition
reactions of aldehydes to nitroolefins with high active and stereoselective effects [144, 142, 143, 44, 75].
For example, the H-D-Pro-Pro-Glu-NH2 is not only an excellent catalyst for Michael addition reactions between aldehydes and β-monosubstituted nitroolefins[144] but also catalyzes the conjugate
reactions of aldehydes to nitroethylene with high yield and excellent enantioselectivity requiring
only 1 mol% of catalyst [143] (Figure 1.5). The ability to use nitroethylene as Michael acceptor
would afford access to monosubstituted γ-nitroaldehydes and allows for conversion into important
synthetic intermediate monosubstituted γ 2 -amino acid[53]. Compared to β-monosubstituted nitroolefins, the drastically lower activity of α, β-disubstituted nitroolefins makes the conjugate addition reaction between aldehydes to α, β-disubstituted challenging. Wennemers’ group speculated
that the modular nature of the peptidic catalysts Pro-Pro-Xaa allows for fine-tuning of structural
and functional properties to accommodate different substrate combinations. They synthesized fifteen different tripeptides of Pro-Pro-Xaa catalyst, which varied in the geometry of the turn, the
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(a) α, β-disubstituted nitroolefins

(b) β, β-disubstituted nitroolefins

Figure 1.6: 1,4-addition reactions beteween aldehydes and disubstituted nitroolefins[44, 72]
position of the carboxylic acid, and the length of the spacer to the carboxylic acid[44]. Two peptides
Pro-Pro-D-Glu-OH and H-Pro-Pro-Asn-OH showed the best catalytic activity and stereoselectivity to accommodate the structure of α, β-disubstituted nitroolefins (Figure 1.6a). This hypothesis
was further supported by accommodating an even lower reactive nitroolefin (β, β-disubstituted nitroolefin). The substitution of a carboxylic acid with methylester and/or C terminal with aromatic
residue showed great performance on catalyzing reaction between aldehydes and β, β-disubstituted
nitroolefin[72] (Figure 1.6b).

1.3.3

Computational Studies of Aldol/Micheal Reaction in Organic Solvent
The mechanism of the proline catalyzed aldol reaction has been extensively investigated via

computational techniques[13, 14, 10, 62, 118]. For example, List et al. applied simple amino acid
L-proline as a catalyst on the aldol reaction of acetone and 4-nitrobenzaldehyde (Table 1.1 Entry 1)
and proposed a mechanism (Figure 1.7). Russell and co-workers conducted a detailed atomic-level
study of solvent effects and enamine mechanism of the proline catalyzed direct aldol reaction between
acetone and acetaldehyde by using density functional theory (DFT)[118]. The proposed rate-limiting
step is the carbon-carbon bond formation step. However, the calculated energy profile in vacuum
shows that the energy barrier of the initial reaction between proline and acetone is very large (171.4
12

kJmol− 1), which is larger than the carbon-carbon bond formation barrier (57.2 kJmol− 1). This
result indicates that the complexation between proline and acetone is the rate-limiting step. Further
investigation on the solvent effect resolved the contradiction. The barrier of complexation between
proline and acetone was dramatically influenced by the solvent and dropped to 40.7 kJmol− 1, while
the barrier of carbon-carbon bond formation dropped to 46.5 kJmol− 1. Thus, solvent contributes
greatly to stabilize the ionic charge and provides a lower energy reaction pathway. Advancements in
designing proline-derived aldol catalysts with high stereoselectivity require a detailed understanding
of the origin of stereoselectivity. Houk and co-workers studied the effect of the subtle structural
difference among various proline derivatives on catalyzing the aldol reaction between benzaldehyde
and acetone by using DFT at the B3LYP-6-31G(d,p) level[3]. It was confirmed that the hydrogen
bonding and the geometry for proton transfer contribute significantly to the reactivity and stereoselectivity of the reaction. The stabilization of the hydrogen bond formed by the carboxylic acid
should be highly evaluated for stereoselectivity. David and co-workers[16] extended Houk’s work
by exploring the effect of the non-covalent interactions between the pairs of functional groups on
stabilizing the transition state of the proline-catalyzed aldol reaction between benzaldehyde and
cyclohexanone. The non-covalent interactions between the functional groups have been quantified
with Functional-Group Symmetry-Adapted Perturbation Theory (F-SAPT). The results indicated
that the interaction between NCHσ+ ...σ – O – C thought to be most important for stereoselectivity,
however was found to be repulsive. David claimed that stereoselectivity is also strongly dependent
on the strain energy required to deform the reacting molecules into a transition state. Also, he
pointed out that caution should be taken when using the geometric analysis and/or density-based
analysis to produce the non-covalent stabilization.
Compared to widely reported mechanistic studies on the proline-catalyzed aldol reaction,
the mechanistic study on the proline-catalyzed Michael reaction is limited despite that they share a
similar enamine-base reaction path The DFT method is still widely used to understand the structure
of the transition state to offer insights into the origin of stereoselectivity. Houk et al[27, 13] proposed an aldol reaction model, in which the intramolecular hydrogen bonding and the proton transfer
from the carboxylic acid group in the proline-enamine intermediate are crucial for stereoselectivity.
The Michael addition reaction also supports the intramolecular hydrogen bonding transition-state
model[136]. However, those models were evaluated without the explicit inclusion of solvent molecules
on the reaction energies and failed to reproduce the experimental stereoselectivity in some circum13

Figure 1.7: Proposed enamine mechanism of the proline-catalyzed aldol reaction[83]
stances. Sunoj and co-workers explicitly included solvent molecules to investigate the diastereomeric
transition state of proline-catalyzed asymmetric Michael reaction of ketones to trans-β-nitrostyrene
by DFT with mPW1PW91 and B3LYP functionals[110]. The correct diastereomer was obtained by
the inclusion of explicit solvent molecules. It was found that the solvent molecule not only stabilizes
the transition state but also changes the order of preference between the diastereomeric transition
states. Divide et al[16] designed pyrrolidinyltetrazole derived from proline as a catalyst of Michael
reaction between ketones and β-nitrostyrene as shown in Table 1.2 Entry 2. The substitution of the
carboxylic acid with terazolic acid in L-proline allows for higher enantioselectivity. Thus Domingo
and co-workers were interested in understanding the role of the terazolic acid moiety by using DFT
at B3LYP/6-31 G∗∗ computational level[11]. The computational result indicated that the formation
of the intramolecular hydrogen bond between the oxygen from nitroalkene and acid hydrogen of terazolic acid allows for a larger stabilization of negative charge developed at the electron-withdrawing
NO2 group. This hydrogen bond formed by the β face of enamine is favored over its formation by
a larger hindrance of α face, which explains the higher enantioselectivity of pyrrolidinyltetrazole in
comparison to that of proline. This further supports that the intramolecular hydrogen bond plays
a significant role in determining stereoselectivity.

1.4

Peptides Catalyzed Reactions in Aqueous Media
Proline and proline-derived catalysts catalyze aldol, Michael addition reactions with high

efficiency and enantioselectivity in a very limited type of organic, such as DMSO, chloroform, etc.
However, as described above, aldolase catalyzed aldol reaction in water shows perfect enantiocontrol.
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Entry

Reaction

Yield/Conv.[%]

ee[%]

1[28]

99

trace

2[60]

86

>99

3[65]

78

92

4[51]

95

>99

5[134]

75

93

6[94]

99

94

Table 1.3: Asymmetric aldol addition reaction catalyzed by proline/proline-based organocatalysts
in the presence of water/in water
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Therefore, extensive efforts have been devoted to optimizing the catalytic properties of proline and
proline-derived catalysts in water. Barbas and co-workers discovered that the PBS buffer greatly
accelerated the aldol reaction in presence of proline by using water as a slovent[28], yet with trace
enantioselectivity (Table 1.3 Entry 1). In 2006, the Hayashi group discovered that the aldol reaction
catalyzed by trans-L-Siloxyproline proceeds in a two-phase (water-oil) system achieved high efficiency
and high enantioselectivity with loading as low as 1 mol%[60] (Table 1.3 Entry 2). In this two-phase
system, the feature of the catalyst with high solubility in the organic phase and low solubility in water
plays a significant role in high efficiency. In light of the two-phase system, improving the solubility
of the proline derivatives in organic solvent gained momentum in the development of aldol reaction
catalysts with high efficiency and high enantioselectivity in water. One of the effective methods is
inducing hindrance from one side of the pyrrolidine ring by substituting 4-position with a chiral bulk
group. For example, Armstrong’s group used tert-butylphenyl moiety as a 4-position substitution
of proline to catalyze the reaction between cyclohexanone and benzaldehyde. The highest yield
is 78% and enantioselectivity is up to 92%[65] (Table 1.3 Entry 3). A similar high reactivity and
enantioselectivity have been reached by using propylpyrene as a 4-position substituent[51] (Table
1.3 Entry 4).
In this two-phase system, a large excess of water (>30 mol%) is one of the important conditions to achieve high reactivity and high stereoselectivity. For example, replacing the water with an
organic solvent or under solvent-free conditions, the reactivity and stereoselectivity will dramatically
drop. This demonstrates that water is essential for high reactivity and high stereoselectivity. Singh
and co-workers[134] carried out experiments to confirm that increasing the ratio of water increases
the enantioselectivity of aldol reaction between acetone and benzaldehyde (Table 1.3 Entry 5). Another key feature of this two-phase system is that increasing the hydrophobicity of catalyst increases
the enantioselectivity as shown in Table 1.4. This feature illustrated that the exclusion of bulk water
also plays an important role in the enantioselectivity of the aldol reaction, and the associated mechanism is similar to the hydrophobic pocketformed by enzymes in water. The enhanced reactivity
of the oil-water phase system has been theoretically investigated[70]. The “on water” mechanism
has been proposed to explain the crucial role of water on the large acceleration of reactions. Due to
the low solubility of reactants in water, the reaction conditions inside the oil phase can be treated
the same as those under the neat reaction. What makes the difference is the oil-water interfaces as
shown in Figure 1.8. To diminish the contact with a hydrophobic surface, water molecules form a
16

Entry

Catalyst

Conv.[%]

ee[%]

1

91

87

2

96

91

3

>99

93

4

>99

99

5

>99

>99

Table 1.4: Catalytic aldol reaction between cyclohexanone and 4-benzaldehyde catalyzed by the
different catalysts[134]
hydrogen bond network. This specific water interaction is called hydrophobic hydration. Extensive
theoretical and experimental studies have been carried out to understand the interfacial structure of
water around the hydrophobic surface. The pioneering studies by Shen and co-workers[124] showed
that about 25% of surface water at the hydrophobic interface has one dangling OH group. This
free OH group can protrude into the organic phase and could form a hydrogen bond with a donor,
therefore stabilize the transition state. Marcus’ group[70] built a theoretical model to estimate the
rate equation for neat, aqueous homogeneous, and surface reactions for Diels-Alder reaction between
cyclopentadiene with butenone in water. It was estimated that the rate constant increases about
1.5 ∗ 105 -fold of surface condition in comparison to the neat condition. Also, the rate of surface
reaction is inversely proportional to the size of the droplets for a given total amount of reactants.
This finding provided theoretical support for the micelle system that could potentially provide high
reactive and/or stereoselectivity. Barbas’s group designed a small diamine catalyst[94], which catalyzes aldol reaction under bulk water with high reactivity and enantioselectivity (Table 1.3 Entry
6). The unique feature of this system is the formation of emulsion, which plays an important role
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Figure 1.8: Cartoon of the on-water catalysis
in high reactivity as well as high enantioselectivity.
Another enamine-based reaction, the Michael reaction, also attracted researchers to develop
an organocatalyst that could be carried out in aqueous media instead of organic solvents. Similar to
the aldol reaction in an aqueous environment, increasing the hydrophobicity of the catalyst would
potentially accelerate the reaction rate because of the enhancement of the aggregation between the
organocatalysts and substrates and the hydrophobic hydration. Dr. Wang and co-workers promoted
the Michael addition of ketones and aldehydes to Nitroolefins in water with high enantioselectivity
by designing hydrophobic fluorous (S)-pyrrolidine sulfonamide[157] (Table 1.5 Entry 1). A similar
result was achieved by substituting nonpolar dibenzylic type groups in the pyrrolidine[133] (Table
1.5 Entry 2). Headley and co-workers designed a water-soluble Di(methylimidazole)prolinol silyl
ether that catalyzes Michael addition reaction between aldehydes and nitroolefins in an aqueous
condition. Nonetheless, very poor yield and enantioselectivity obtained under pure water conditions.
Interestingly, the dramatic rate acceleration and enantioselectivity enhancement were observed by
using brine as a solvent[148] (Table 1.5 Entry 3). The high reactivity and enantioselectivity were
ascribed from the ”salting-out effect” caused by brine, which greatly increased the ”hydrophobic
hydration” effect. The significant contribution of the ”salting-out effect” to the high reactivity and
enantioselectivity indicated that water itself provides more than simply a medium for reactions.
Dr. Wennmer’s group expanded the scope of catalyst Pro-Pro-Xaa to catalyzing conjugate addition
reactions of aldehydes to nitroolefins in water. It was observed that the modified H-D-Pro-ProGlu-NH2 with an alkyl chain at the C-terminus forms an emulsion with the organic substrate in
water, and allows for conjugate addition reactions of aldehydes to nitroolefins in water with high
enantioselectivity[43](Table 1.5 Entry 4). It is believed that the formation of emulsion plays a crucial
role in high enantioselectivity under an aqueous environment.
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Entry

Reaction

Yield/Conv.[%]

ee[%]

1[157]

95

90

2[133]

95

90

3[148]

90

99

4[43]

>95

91

Table 1.5: Asymmetric Micheal addition reaction catalyzed by proline/proline-based organocatalysts
in the presence of water/in water
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Figure 1.9: Organocatalyst-enamine transition states with the re- and si-face benzaldehyde conformations from the on water simulations.[9]

1.4.1

Computational Studies of Aldol/Micheal Reaction in Aqueous Media
As seen in Table 1.3 Entry 5, Singh and co-workers designed a catalyst to catalyze the aldol

reaction between acetone and benzaldehyde with 93% ee under the “on water” environment[134].
This “on water” condition enables the transition state to segregate from water while benefiting
from the hydrogen bonding stabilization between the amide oxygen and surface water. An analogy
to the aldolase catalytic antibodies[63, 155, 17] offers insights into the mechanistic origin of this
proline-based organocatalyst in an aqueous environment. Both aldolase antibody and “on water”
reaction catalyzed by organocatalyst relies on the micro hydrophobic environment created by the
system. However, the limited amount of mechanistic studies of both systems makes the origin behind
the “on water” and antibody enhancements unclear. Acevedo and co-workers[9] applied QM/MM
Monte Carlo calculations and free-energy perturbation theory to understand the mechanistic origin
of the aldolase catalytic antibodies 33F12 and the organocatalyst showed in Table1.3 Entry 5. In the
enzyme system, it was confirmed that the carbon-carbon bond formation between benzaldehyde and
the LysH93 enamine is the rate and enantioselectivity determining step. The enantioselective si-face
orientation is favored by the stabilization of a strong hydrogen bond network formed by TrpH103
and hydrophilic residue SerH100 and AsnL34 with TyrL36. Water is essential for the hydrolysis
of the iminium cation intermediate toward the final product aldol. This is paired with theoretical
results reported by David and co-workers, that the explicit inclusion of water molecules near the
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active site obtain remarkable rate enhancements [68]. Even though there are up to 6 water molecules
surrounding the transition-state region within 5 Å of the benzaldehyde, there is no water molecule
that interacts directly with TyrL36 throughout the carbon-carbon bond formation process. This
suggests that water did not directly participate in the reaction but may contribute during other
portions of the mechanics such as hydrolysis of the iminium. In the “on water” system, the ∆G‡
compared to acetone solvent is reduced by 2.7 and 2.2 kcal/mol for the re- and si-face benzaldehyde
aldol reaction, respectively. Thus, water plays an important role in increasing enantioselectivity.
To understand the origin of the water effect, the orientation analysis of the aldol transition state
relative to the water surface was carried out. The simulation results indicated that the benzaldehyde
and carbonyl oxygen atoms were interacting with water. As shown in Figure 1.9, the energetically
favored re-face transition state has an “open state” and greatly increases the water accessibility to
the oxygen atom. In contrast, the more compact structure si-face decreased the water accessibility
and caused poorer steric interaction. Also, the π system of the aromatic ring in benzaldehyde is
benefited from interacting with water. In summary, the water interface plays a crucial role in the
enhancement of enantioselectivity in “on water” system.
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Chapter 2

Catalytic Activity of
H-D-Pro-Pro-Glu-NH-C12H25 in
an Emulsion
The introduction of an alkyl chain at the C-terminus of H-D-Pro-Pro-Glu-NH2 tripeptide,
has been recently shown to be capable of catalyzing conjugate addition reactions of aldehydes to
nitrostyrene in an aqueous environment. The amphiphilic nature of the modified tripeptides drives
the formation of an emulsion in water and promotes a reaction rate similar to what is observed for
parent peptides in an organic solvent. It has been proposed that the metastable emulsion provides a
micro-hydrophobic environment, which accelerates the reaction beyond what is observed using the
parent peptide in an aqueous environment. To test this hypothesis, classical molecular dynamics
simulations were used to investigate the structure of aggregations and the local environment surrounding the peptide’s catalytic site during individual steps of the reaction. The findings suggest
that the emulsion provides a micro-hydrophobic environment following the formation of an enamine
intermediate, and drives the equilibrium towards the formation of intermediate, which specifically increases the reaction rate of the rate-determining step. Furthermore, the rate of rate-determining step
is also enhanced due to the highly concentrated nitrostyrene environment formed by the emulsion.
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2.1

Introduction
In recent years, catalytic peptides acting as asymmetric catalysts[32, 99, 141] have attracted

increasing attention for a variety of chemical reactions, such as acylation reactions, oxidations, hydrolytic reactions, and carbon-carbon bond formations[121]. Among the peptide catalysts, single
amino acid proline attracted researchers’ attention due to its special structure and properties. Proline’s higher pKa value relative to other amino acids, raised from the secondary amine functionality,
increases its nucleophilicity. Therefore proline and proline-derivatives can act as nucleophiles that
react with carbonyl groups to form enamines and allow for great success in catalyzing enamine-type
reactions[83]. List and Martin reported a series of di- and tri- prolyl-peptides that catalyze the aldol
and Michael reactions between acetone and p-nitrobenzaldehyde or β-nitrostyrene respectively, with
better or comparable performance than that of proline[92]. A tripeptide containing both L and D
proline, H-D-Pro-Pro-Asp-NH2 , significantly improved the catalytic activity compared to the original proline and enabled not only 1,2- but also 1,4-addition reactions[120, 144]. Additionally, the
modular property of peptides offers functional and structural diversity, which enables the fine-tuning
of reactivity and selectivity by modifying or replacing amino acid residues[75]. For example, replacing Asp with Glu resulted in an even more efficient catalyst H-D-Pro-Pro-Glu-NH2 for asymmetric
Micheal addition reactions of aldehydes to nitroolefins[142, 144].
The fact that catalytic peptides and enzymes consist of the same building blocks suggests
that they may share some important features, such as high selectivity and reactivity. However, many
gaps remain between catalytic peptides and enzymes. For example, the lower structural complexity
of catalytic peptides makes it difficult to achieve a high reactivity comparable to enzymes in an
aqueous environment. In contrast, the more complex structures of enzymes have played a significant
role in increasing reactivity by creating micro hydrophobic environments surrounded by water, often
described as hydrophobic pockets [127]. Similar to the enzyme pocket, it is proposed that the
micro hydrophobic environment created by emulsion or micelles might accelerate reactions[46, 106].
The proline catalyzed aldol reaction between acetone and 4-nitrobenzaldehyde in pure water only
obtained a 15% yield at 40 ◦ C after 5 days. However, the yield dramatically increased to 87% in
aqueous micelles by adding the surfactant, sodium dodecyl sulfate (20 mol% SDS)[112]. A similar
rate acceleration was observed in an aqueous micellar system for proline derivative catalyzed Micheal
addition reaction to nitrostyrene with the presence of surfactant[85]. Instead of adding a surfactant,
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several studies show that creating an emulsion by introducing a hydrophobic group to a polar peptide
is another efficient way to increase the reactivity of peptides catalyzed aldol or Micheal reactions in
an aqueous environment[26, 49, 56, 60]. For example, C60 –proline was reported to catalyze the aldol
reaction of acetone to 4-nitrobenzaldehyde with a 100% yield in a water solvent, albeit with a very
low enantioselectivity 19% ee[26]. Tao and co-workers designed an amphiphilic L-proline derivative
bearing a long alkyl chain on the 4-position via ether bonds, achieved catalytic activities with high
yields (up to 99%) and high enantioselectivity (up to 99% ee) in the reaction of aromatic aldehydes
to cyclic ketones in water[49].
As mentioned above, H-D-Pro-Pro-Clu-NH2 acts as an excellent catalyst for Michael addition reactions of aldehydes to nitrostyrene with high reactivity and stereoselectivity typically in an
organic solvent. However, H-D-Pro-Pro-Clu-NH2 catalyzes the same reaction with low performance
in an aqueous solvent (Table 2.1 Entry 1). By mimicking the organic environment, creating an
aqueous emulsion environment is a promising solution to achieve a similar catalytic performance
to what is observed in an organic solvent as described above. Wennemers’ group designed an H-DPro-Pro-Clu-NH2 derivative H-D-Pro-Pro-Glu-NH-C12 H25 bearing with alkyl moieties at C-terminal
dramatically increases the catalytic reactivity of peptides in an aqueous environment by forming an
emulsion[43] (Table 2.1 Entry 2). The chemical structure of H-D-Pro-Pro-Clu-NH2 is displayed
in Fig.2.1a, and the corresponding modified structure H-D-Pro-Pro-Glu-NH-C12 H25 is shown in
Fig.2.1b. The exciting property of this modified peptide is that the catalysis occurring in an aqueous solution is nearly as efficient as that demonstrated by the parent peptide (H-D-Pro-Pro-Clu-NH2 )
in an organic solvent. This catalytically active system compelled us to understand the structure of
the emulsion and the mechanistic puzzles by using discrete molecular dynamic (DMD) and molecular
dynamic (MD) simulations. A hypothesis was proposed that the formation of emulsion provides a
micro-hydrophobic environment, which prevents water from interfering with the catalyzed reaction.
This micro-hydrophobic environment formed by the emulsion can be considered as reminiscent of
the hydrophobic pockets of an enzyme[30, 128], which has intriguing implications for the chemical
evolution of enzymes that may have involved a predecessor derived from catalytically active short
peptides.
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(a) Parent peptide

(b) Modified peptide

Figure 2.1: Chemical structure of peptide. The modified peptide is obtained by adding hydrophobic
alkyl moieties to NH2 of H-D-proline-PRO-GLU-NH2 .

Entry
1
2

Catalyst
Parent peptide
Modified peptide

Time[h]
96
8

Conversion[%]
28
>95

ee[%]
73
91

Table 2.1: Conjugate addition reaction between butanal and nitrostyrene catalyzed by catalyst 2.1a
and catalyst 2.1b in aqueous environment

2.2
2.2.1

Methods and Simulation Details
DMD Simulation
All-atom Discrete Molecular Dynamic (DMD)[38] simulations were performed to generate

the emulsion structure. The model use implicit solvent and united atoms. The system includes
nitrostyrene, butanal and peptide molecules, in which nitrostyrene and butanal are reagents, peptide
is the catalyst. A periodic boundary condition was applied. The Medusa force field[151] was applied.
The force field parameters for van der Waals (VDW), solvation, covalent bonds, bond angles, and
dihedrals were adapted from the CHARMM19 force field[104].Three different peptide concentrations
including 2.8 mM , 8.5 mM and 17 mM , which correspond to 10, 30 and 60 peptides in periodic
water box with length 150 Å, were used in these simulations. The reason we choose 60 peptides is
because 60 is an integer and has a concentration (17 mM ) close the experimental concentration (13
mM ). For each concentration, 30 independent simulations were performed with randomly generated
inter molecular distances and orientations as well as atomic velocities. All DMD simulations were
performed at 300 K using the Anderson’s thermostat [4]. The simulation time for each independent
simulation is 200 ns, which is the average time required for the formation of an emulsion in the 90
independent DMD simulations. This fast sampling time scale benefits from an implicit solvent and
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DMD’s algorithm, which is collision driven and based on a discrete potential[38].

2.2.2

CHARMM Simulation
After we obtained the emulsion structure, full atomic CHARMM simulations with explicit

water (TIP3P)[69] were performed starting from the final frame of the corresponding DMD simulations. The CHARMM36 all-atom force field parameters [89] were used for the unmodified peptides,
and the CHARMM general force field [152] parameters were used to describe butanal. The CGenFF
(version 3.0.1)[88] was used to generate the force filed parameter for nitrostyrene, the modified peptide, and the enamine intermediate. NAMD 2.10[71] was used to generate the molecular dynamics
trajectories. Each of the systems were run for ∼ 23 ns at 310 K and at a constant pressure of 1 atm
in isothermal isobaric ensemble (NPT). The analysis was done at 17 ns−23 ns. All the reagents
were dissolved in a periodic water box with 180 Å And the 1 f s time step was used. Langevin
dynamics with a friction constant of 1 ps−1 were applied to control the temperature of the system.
The pressure was maintained by using the Langevin piston method with a piston period of 100 f s,
damping time constant of 50 f s, and a 310 K piston temperature[48]. All the long-range, non-bonded
electrostatic interactions were calculated by using the particle mesh Ewald (PME)[31] method. The
cut-off distance of 14 Å and a switch distance of 12 Å was employed to calculate all non-bonded,
short-ranged interactions. The SHAKE algorithm has were to constrain all rigid covalent bonds
that involve hydrogen atoms[5]. For analysis purposes, the trajectory frames were saved every 10
ps. The visual molecular dynamics (VMD)[66] plugins and TCL scripts were used to visualize and
analyze the results.

2.2.3

Analysis
The trajectory at 17 ns−23 ns was utilized to analyze the properties. The analysis were

performed on 600 frames, which were generated by every 10000 steps with 1 f s time step. The
local number density of butanal around D-proline (catalytic group) was calculated by average over
the number of butanal molecules within 3 Å of D-proline, where the sample is the catalytic group
of each frame. For example, at concentration 2.8 mM , there were 10 catalytic peptides in each
frame and 600 frames in total. Therefore, there were 10 ∗ 600 samples in our calculation. The local
concentration of water and local concentration of nitrostyrene were calculated in similar fashion.
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(a) 0 ns

(b) 30 ns

(c) 90 ns

Figure 2.2: Sample snapshots of modified peptide with butanal/nitrostyrene in water system. The
molecules were drawn by using the line representation for butanal (silver), nitrostyrene (blue) and
modified peptide (red). Simulation started from randomized initial position.

2.3
2.3.1

Results and Discussion
Formation of Aggregates
Modification of the peptide with alkyl moieties drives the formation of an emulsion and

dramatically increases the overall reaction rate in an aqueous solution in comparison to that of the
parent peptide. To understand how the emulsion structure increases the reaction rate, we used
the DMD simulations to examine the emulsion formation process in water. The modeled system
includes the catalytic peptide, butanal, and nitrostyrene. Fig.2.2 illustrates a typical emulsion formation process of H-D-Pro-Pro-Glu-NH-C12 H25 catalyzed system in water. The simulations are
started from a randomly dispersed state, and one of the initial structure representatives with random positions is depicted in Fig.2.2a. The amphiphilic peptide H-D-Pro-Pro-Glu-NH-C12 H25 acts
as the emulsifier and assembles the miscible reactants to form aggregates. As shown in Fig.2.2b,
the hydrophobic nitrostyrene molecules begin to associate with the amphiphilic peptide to form
small nitrostyrene/peptide droplets after about 30 ns.

In our relatively small system, the ni-

trostyrene/peptide droplets continue to merge into a single droplet as displayed in Fig.2.2c. The
same analysis procedure was performed on the parent peptide system for comparison.
Fig.2.3 displays the snapshots of aggregates from the parent peptide catalyzed and modified peptide catalyzed system respectively. For the modified peptide catalyzed system, nearly all
the catalyst molecules (H-D-Pro-Pro-Glu-NH-C12 H25 ) are aggregating with nitrostyrene to form a
droplet as depicted in Fig.2.3b. The fact that modified peptides are located primarily on the surface
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(a) Parent peptide system

(b) Modified peptide system

Figure 2.3: Snapshots of cluster at two simulation systems. The molecules were drawn by using the
line representation for nitrostyrene (silver) and peptide (red).
of nitrostyrene indicates that the amphiphilic property of modified peptides allows these molecules
to act as an emulsifier and segregate the nitrostyrene core from water. This is consistent with the
experimental evidence that stable emulsions were observed in the modified peptide catalyzed system
under an aqueous solution[43]. In comparison, the majority of the parent peptide molecules are
distributed (not aggregated) in water as shown in Fig.2.3a due to the lack of hydrophobicity. The
low concentration of parent peptides associated with the phase-separating nitrostyrene core suggests
that the parent peptide does not emulsify nitrostyrene droplets, which is also in agreement with the
experimental results that no emulsion formed in unmodified system[43].

2.3.2

Investigation of Overall Reaction Rate
Figure 2.4[145] illustrates a generally accepted catalytic cycle of the reaction between bu-

tanal and nitrostyrene by proline derivatives. The rate-determining step was predicted to be the
reaction between the enamine intermediate and nitrostyrene[145]. This suggests that the overall
reaction rate is determined by the local concentration of nitrostyrene and the enamine intermediate. From the atomic resolution comparison of the two different peptide catalyzed systems (Figure
2.3), we understand that the modified peptide molecules aggregate at the oil-water interface (Figure
2.3a), whereas the parent peptide molecules solvated in the water phase (Figure 2.3b). To understand how the different behaviors between modified peptides and parent peptides affect the reaction
rate, the following sections will discuss enamine formation and carbon-carbon bond formation steps
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Figure 2.4: Catalytic cycle proposed for Michael addition reactions of butanal to nitrostyrene by
H-D-Pro-Pro-Glu-NH2 derivatives.
quantitatively.

2.3.2.1

Enamine Formation Step
Based on the reaction scheme (Figure 2.4), increasing the local concentration of the pep-

tide or butanal, or decreasing the local concentration of water would drive the equilibrium toward
enamine intermediate formation. The following sections will discuss how those three factors affect
the concentration of enamine intermediate in the modified and parent peptide catalyzed systems
respectively.
Firstly, a simple number density was utilized to quantify the local concentration of the
peptide catalyst. Figure 2.3b indicates that the modified peptides are highly concentrated on the
surface of the nitrostyrene core. On average, 58 out of 60 modified peptides are located on the
nitrostyrene core. In contrast, the majority of parent peptides solvated in water (Figure 2.3a). On
average, 10 out of 60 parent peptides are located on the nitrostyrene core. This result provides
evidence to support that the local concentration of catalysts of the H-D-Pro-Pro-Glu-NH-C12 H25
catalyzed system is higher in comparison to that of the H-D-Pro-Pro-Clu-NH2 catalyzed system.
Secondly, to analyze how the emulsion influences the local concentration of butanal around
the active center (nitrogen from D-proline), we calculated the average number of butanal molecules
within 3 Å of D-proline from peptides at concentration 2.8 mM shown in Figure 2.5a. The gray
boundary illustrated in Figure 2.5b is the 3 Å boundary within a target D-proline (catalytic group) of
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(a) Comparison of average number of butanal within
3 Å of D-proline between modified peptide and parent (b) The gray surface is the 3 Å boundary
within a target D-proline of peptide.
peptide. Error bars represent standard errors.

Figure 2.5: Local concentration of butanal. The 3 Å boundary and the local concentration of
butanal. The red color represents the D-proline, the blue color represents the nitroolefins that are
within 3 Å of D-proline
peptides. The reason we chose 3 Å as a boundary is that the smallest molecule in our system is water,
which is approximately 3 Å in diameter. Therefore, the 3 Å boundary ensures that no other molecule
could fit between D-proline and butanal during the analysis of the local concentration of butanal.
In addition, based on collision theory[79, 130], the effective reaction distance should be smaller than
rN + rC , where rN is the radius of the nitrogen atom and rC is the radius of the carbon atom. The
Van der Waals radius of oxygen and nitrogen are about 1.52 and 1.55 Å respectively[18], and 3 Å
is within that range. Figure 2.5a demonstrated that the local concentration of butanal around the
active center in the modified system is higher than that of the unmodified system. In summary,
the emulsion results in a higher local concentration of peptide catalyst and butanal. Therefore, the
formation of emulsion drives the equilibrium forward and increases the local concentration of the
enamine intermediate, which partially explains why the emulsion increases the overall reaction rate.
Thirdly, we will focus on exploring the effect of water. The fact that equilibrium favors the
unreacted catalyst and butanal (Figure 2.4 Step 1) suggests that the local concentration of water
significantly affects the equilibrium of the enamine intermediate formation step. In other words, the
dehydration effect is the key factor that determines the local concentration of the enamine intermediate and therefore influences the overall reaction rate. To better understand the effect of water
molecules, all-atom MD simulations with explicit water were employed by using the CHARMM
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Figure 2.6: Percentage of dehydrated peptide such that no water molecule within 3 Å of the D-proline
nitrogen at different concentration. Error bars represent standard errors
force field. The final frame generated by DMD simulations is used as the first frame in CHARMM
simulations. As described in the DMD simulations, three different peptide catalyst concentrations,
including 2.8 mM , 8.5 mM , and 17 mM , were simulated to understand how peptide catalyst concentration influences the reaction rate. 17 mM is the concentration that is close to the experimental
concentration (13 mM ). To quantify how water molecules influence the enamine formation, the
average fraction of dehydrated peptide observed in each trajectory was calculated, where the dehydrated peptide is defined as the peptides that no water molecule is located within 3 Å of the
D-proline nitrogen.
The dehydration of the modified peptide’s catalytic site is slightly higher than that of the
parent peptide when the local concentration of peptide is higher than 8.5 mM . The relatively small
percentage of dehydrated peptides in the modified system suggests that the modified peptide does not
directly provide a hydrophobic environment for the catalytic site. However, Figure 2.3b shows that
the modified peptide is highly concentrated on the surface of the emulsion. To understand why the
highly concentrated peptide on the surface of emulsion does not provide a good micro hydrophobic
environment for the catalytic site, the detailed emulsion structure in water is investigated as shown
in Figure 2.7. To illustrate the dehydration effect, the water molecules around the catalytic site
nitrogen (represented in blue) were represented in red color. In the parent peptide catalyzed system,
the nitrogens are exposed to water because the peptides are dispersed in water as shown in Figure
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(a) Parent peptide system

(b) Modified peptide system

Figure 2.7: Sample snapshots before formation of enamine. The color red represent water molecules.
The color blue represent the D-proline. Color silver represent the nitroolefin. The blue solid van der
Waals (VDW ) represent nitrogen from D-proline.
2.7a. However, for the modified peptide catalyzed system as shown in Figure 2.7b, the nitrogens from
the highly concentrated peptides are also exposed to water due to the catalytic site protrude into the
aqueous phase. Comparing the two circled peptides in Figure 2.7a and 2.7b, the dehydration effect
of nitrogen in the modified system exhibits little difference compared to the completely solvated
peptides in the unmodified system. This is ascribed to the fact that the hydrophilic group D-proline
drives the nitrogen to favor the aqueous phase over the organic phase.
The enamine intermediate introduced an ethyl group to the peptides as shown in Figure
2.4 Step 1. This makes the enamine intermediate more hydrophobic than the unreacted peptide.
Therefore, the hypothesis is proposed that the enamine intermediate diffuses into the organic phase
with the increased hydrophobicity, thus shielding the catalytic site from the water. To test this
hypothesis, the emulsion models are modified by replacing the peptides located at the surface of the
nitrostyrene core with the enamine intermediate. The simulation details are described in Method
2.2.2. The same method of calculating the percentage of the dehydrated peptide was applied to analyze the dehydration of the enamine intermediate. Figure 2.8b shows that a statistically significant
and dramatic dehydration effect was observed around the catalytic site of the enamine intermediate
in comparison to that of the un-react peptides in the modified system. In the modified system, the
percentage of dehydrated enamine intermediate is increased by about a factor of 2.5 in comparison to
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(a) Parent peptide system

(b) Modified peptide system

Figure 2.8: Comparison of percentage of dehydrated peptide such that no water molecule within 3
Å of the D-proline between unreacted peptide and enamine intermediate at different concentrations
in modified system. Error bars represent standard errors.
that of the modified peptide when the concentration is above 8.5 mM . This result provides evidence
to support the hypothesis described above, the significant dehydration of the enamine intermediate
drives the equilibrium towards the formation of the enamine intermediate and increases the local
concentration of the enamine intermediate.
To closely look at the structure and visually understand the dehydration effect after the
formation of enamine, snapshots of the un-react peptide and enamine intermediate of the modified
system are depicted in Figure 2.9. The water molecules around the catalytic center (nitrogen of
D-proline presented in blue) were represented in red to better visualize the dehydration effect.
Comparing the two circled peptides in Figure 2.9a and 2.9b, a significantly lower number of water
molecules surrounded the nitrogen atoms of the enamine intermediate as compared to that of the
un-reacted peptides. This is ascribed from the nitrogen atoms of enamine intermediate being more
buried in the nitrostyrene phase (Figure 2.9b) as compared to that of un-react peptide (Figure 2.9a).
Although the dehydration effect is also observed in the parent peptide catalyzed system after the
formation of the enamine intermediate as illustrated in Figure 2.8a, the dehydration effect is much
weaker than that observed in the modified system.
In summary, the local concentration of butanal and peptide catalyst in the modified system
is much higher than that of the parent peptide system as described above. Furthermore, the dehydration effect of the enamine intermediate of the modified peptide catalyzed system is higher than
that of the parent peptide catalyzed system by about a factor of 2. With the evidence provided
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(a) Before formation of enamine intermediate

(b) After formation enamine intermediate

Figure 2.9: Snapshots of modified peptide system after formation of enamine. The color red represents water molecules. The color blue represents the D-proline. Color silver represent the nitroolefin.
The blue solid van der Waals(VDW ) spheres represent nitrogen from D-proline.
above, all three factors (concentration of butanal, peptide catalyst, and water) in the modified system have a positive effect on driving the equilibrium toward the enamine intermediate formation.
Thus, the enhanced concentration of enamine intermediate in the modified system facilitates the
following carbon-carbon bond formation step.

2.3.2.2

Carbon-Carbon Bond Formation Step
The rate-determining step is the reaction between the enamine intermediate and nitrostyrene

(Figure 2.4 Step 2). The previous sections provide evidence to support the emulsion structure resulting from the modified peptide promoting the formation of enamine intermediate. In this section,
the local concentration of nitrostyrene around the D-proline was investigated. The average number
of nitrostyrene molecules within 3 Å of D-proline exhibits the significant difference between the
modified and parent catalyst systems as shown in Figure 2.10. This high local concentration of
nitrostyrene observed in the modified system is due to the fact that nitrostyrene is highly concentrated inside the emulsion. As a result, the enamine intermediate is soaked in the highly concentrated
nitrostyrene phase in the modified system, which enhances the rate of the carbon-carbon bond formation between the enamine intermediate and nitrostyrene prior to the hydrolysis of the enamine
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Figure 2.10: Average number of nitrostyrene within 3 Å of N (D-proline) in modified cluster and
unmodified cluster. Error bars represent standard errors.
intermediate, therefore the transformation proceeds similar to that observed in organic solvents. In
contrast, the low local concentration of nitrostyrene, which is resulted from phase separation between
nitrostyrene and parent peptide, limits the reaction rate of carbon-carbon bond formation between
enamine intermediate and nitrostyrene.

2.4

Conclusion
In this chapter, we studied the formation process of peptide/nitrostyrene emulsion. The

results showed that the modified peptides aggregate with nitrostyrene and form an emulsion, which is
consistent with the experimental result. To understand the rate acceleration of the modified peptide
system in comparison to that of the parent peptide system, we investigated the local concentration of
reactants and dehydration effects around the active site from the peptide and enamine intermediate.
The fact that the emulsion structure provides a high local concentration of peptide and
butanal in the modified system partially contributes to driving the equilibrium toward the formation
of enamine intermediate. We found that the emulsion does not directly provide a micro hydrophobic
environment for the catalytic site. Instead, the formation of the enamine intermediate increases
the hydrophobicity of the un-react peptides and diffuses into the organic phase which protects the
active site from the water. Also, the local concentration of nitrostyrene that makes the difference
between the modified and parent peptide systems. The enamine intermediate is soaked in the
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highly concentrated nitrostyrene phase in the modified system, which makes the carbon-carbon bond
formation between the enamine intermediate and nitrostyrene occur rapidly before the hydrolysis of
the enamine intermediate. However, the low local concentration of nitrostyrene makes the reaction
between the enamine intermediate and nitrostyrene happen significantly slower in the parent peptide
system than that in the modified peptide system.
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Chapter 3

Computational Study of Michael
Addition Reaction of Aldehydes to
Nitrostyrene Catalyzed by
Proline-derived Catalyst in Water
As compared to using an organic solvent, using water as a solvent for organocatalytic asymmetric Michael addition is challenging due to the low solubility of the substrates in water and low
enantioselectivity. The H-D-Pro-Pro-Glu-NH2 derived tripeptides act as an excellent catalyst in
the asymmetric Michael addition of butanal to trans-β-nitrostyrene in an aqueous environment by
forming an emulsion with substrates. The formation of a metastable micelle of organic substrates
with catalyst diminishes the contacts between water and the reaction transition states and therefore
increases the reactivity and stereoselectivity. Thus, the emulsion structure contributes significantly
to the high reactivity and stereoselectivity. The subtle differences in the structures of peptide derivatives would affect the structure of the emulsion. Molecular Dynamic (MD) simulations have been
used to sample the emulsion structure to study the role of catalyst structure in emulsion structure.
An atom-level emulsion structure of different catalyst systems offers better insight into the mechanism of the Michael reaction in an aqueous solution and promotes the development of the rational
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design of catalysts.

3.1

Introduction
The organocatalyzed asymmetric synthesis has received great attention due to its environ-

mentally friendly, highly efficient catalytic processes and readily available[29]. The bifunctional
nature of proline, with a carboxylic acid and an amine portion, can act as acid or base. Similar to
enzymatic catalysis using different functional groups to work in concert to facilitate the chemical
transformation, proline’s bifunctional asymmetric catalysis attracted increasing attention in catalyzing a range of reactions, such as the aldol, Mannich, and Michael reaction[82]. The asymmetric
Michael reaction is one of the most important carbon-carbon bond formation reactions due to its
ability to generate very useful chiral building blocks for organic synthesis[21]. L-proline and prolinederived catalysts achieved great success in catalyzing asymmetric Micheal addition reactions with
high reactivity and stereoselectivity[1, 6, 137]. However, most organocatalysts catalyzed Micheal
addition reactions are limited in the organic solvent such as dimethyl sulfoxide (DMSO), isopropyl
alcohol (iPrOH), and N,N-dimethylformamide (DMF). The excess water dramatically reduces the
reaction rate and stereoselectivity[146, 45]. Unlike enzymes that can form a pocket to provide a
micro-organic environment, the minimalistic biocatalysts organocatalyst doesn’t have the ability to
form a pocket with a simple structure. Therefore, the properties of organocatalyst in the presence
of bulk water, such as the insolubility of most organic compounds, the poor hydrolytic stability of
catalytic intermediates, and possible destabilization of the transition state, results in very poor yield
and stereoselectivity generally[54, 117].
With the increasing demand for green chemistry, water tolerance has become a desirable
characteristic of an organocatalyst. The way for mimicking type I aldolases[34] attracted organic
chemists’ to design organocatalysts for aldol and Michael reaction in an aqueous condition on the
basis of the “enamine catalysis”. The proline-derived catalysts catalyzing the direct asymmetric
aldol reaction and Michael reaction in presence of water is a breakthrough contribution in the field
of enantioselective organocatalysis in water[25, 56, 149, 94]. The 1,1’-Binaphthyl-2,2’-diamine-based
(S)-prolinamides derived from proline catalyzes the direct aldol reaction between cyclohexanone and
various aldehydes with high yields and diastereoselectivity (up to 99 % ee) in a massive amount
of water[56]. Vishnumaya and Singh organocatalyst catalyzes the direct aldol reaction of acetone

38

with benzaldehyde and obtained 93 ee% in pure water, compared to 85 ee% in acetone[134]. The
acceleration of organocatalysis in water fascinated researchers to investigate the origin behind it.
It is proposed that “hydrophobic hydration”, which is defined as the reduction of the degrees of
freedom of water molecules near the oil-water interface, plays an important role in accelerating the
organocatalysis in an aqueous solution[70, 114, 51, 93]. The experimental and theoretical studies
of the structure of the hydrophobic surface show that the dangling OH group, the OH group of
water that is not H-bonded, exists at the hydrophobic interface[19, 129, 124]. This dangling OH
group can protrude into the organic phase to stabilize the transition state, therefore facilitating the
reaction [70]. The study of enamine-based catalytic antibody 33F12 and an organocatalyst for aldol
addition reaction in an aqueous environment by QM/MM calculations show that water contributes
significantly to the enhancement of enantioselectivity[9]. In the antibody 33F12 system, water does
not directly participate in the carbon-carbon bond formation process, which is predicted as the ratelimiting step. But water molecules surround the transition state of the enamine and aldehyde region
within 5 Å, which may contribute to the following hydrolysis step. In the organocatalyst catalyzed
reaction of acetone and benzaldehyde system, water increases the enantioselectivity by reducing the
∆G‡ of transitions state.
Different from the widely reported aldol reactions in an aqueous solution, only a limited
number of organocatalysts have been reported that are able to catalyze the Micheal reaction in
presence of bulk water with high yields and stereoselectivity. The hydroxyphthalimide-coupled
triazole-pyrrolidine derivative acts as a catalyst for Micheal addition reaction between cyclohexanone and nitrostyrene achieved 88% ee[24]. In a similar fashion, Liang’s group designed a series
of pyrrolidine–triazole organocatalysts to catalyze the Micheal addition of cyclohexanone to nitrostyrene in water with high reactivity and enantioselectivity up to 97% ee[150]. Interestingly, the
reaction processes in water generally showed a better reactivity and enantioselectivity in comparison to that in CHCl3 . Dr. Wennemers’ group reported the amphiphilic tripeptides derived from
H-D-Pro-Pro-Glu-NH2 catalyzes the Micheal addition reaction between aldehydes and nitroolefins
in water with high yields, high stereoselectivity, and low organocatalyst loading (3 mol%)[43]. In
this reaction, the amphiphilic nature of tripeptides derivatives aggregate with substrates and form
an emulsion in the aqueous environment. The disordered micro hydrophobic environment offered
by emulsion mimics the enzyme pocket, which intrigues the implication of the chemical evolution
enzymes. Inspired by protein folding, the Molecular Dynamic (MD) simulations have been exploited
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(a) Catalyst 1a

(b) Catalyst 1b

Figure 3.1: The chemical structure of amphiphilic derivatives of H-D-Pro-Pro-Glu-NH2
to explore the self-assembly of emulsion. The hydrophobic microenvironment induced by emulsion
not only increases the concentration of the substrate but also segregates the active site from the
water[93, 117, 54]. The hypophysis has been confirmed in chapter 2 that the increased hydrophobicity of enamine intermediate in comparison to catalyst moves into the hydrophobic phase and reacts
with highly concentrated nitrostyrene acceptor; significantly promoting the carbon-carbon formation
and explains the enhancement of reactivity.
Among the series of H-D-Pro-Pro-Glu-NH2 derivatives that have been studied by Wennemers’ group, the catalyst 3.1a turned out to be the best catalyst that catalyzes the Michael
addition of butanal to trans-β-nitrostyrene with high enantioselectivity (Table 3.1 Entry 1). In contrast, a similar derivative 3.1b with an extra alkyl chain C12 H25 on the C-terminal exhibits a lower
reactivity and enantioselectivity under the same aqueous conditions as shown in Table 3.1. The big
differences in catalytic activity and enantioselectivity between the two similar catalysts intrigued
us to explore the mechanistic origin behind it. As described above, the emulsion plays a key role
in the enhancement of activity and enantioselectivity. The subtle differences in the structures of
peptide derivatives would affect the structure of the emulsion. We envisioned that the differences
in emulsion structure caused by the differences in hydrophobicity of two catalysts are the source of
differences in the rate and/or enantioselectivity. An atom-level understanding of emulsion structure
is very useful in shedding light on the reaction mechanism. Thus, MD simulations have been used
to sample the emulsion structure to study how the subtle differences in catalyst structure affect the
reaction rate.
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Entry
1
2

Catalyst
1a
1b

Time[h]
8
18

Conversion[%]
>95
>95

ee[%]
91
85

Table 3.1: Conjugate addition reaction between butanal and nitrostyrene catalyzed by catalyst 3.1a
and catalyst 3.1b in aqueous environment

3.2
3.2.1

Methods and Simulation Details
DMD Simulation
All-atom Discrete Molecular Dynamic (DMD)[38] simulations were performed to generate

the emulsion structure. The model use implicit solvent and united atoms. The system includes 200
nitrostyrene molecules, 400 butanal molecules, and 60 H-D-Pro-Pro-Glu-NH2 derivative molecules.
A periodic boundary condition was applied. The Medusa force field[151] was applied. The force field
parameters for van der Waals (VDW), solvation, covalent bonds, bond angles, and dihedrals were
adapted from the CHARMM19 force field[104]. The concentration 17 mM , which is 60 peptides in
periodic water box with length 150 Å, used in the simulations. The reason we choose 60 peptides is
because 60 is an integer and has a concentration (17 mM ) close the experimental concentration (13
mM ). During the DMD simulations, 30 independent simulations were performed with randomly
generated inter molecular distances and orientations as well as atomic velocities. All DMD simulations were performed at 300 K using the Anderson’s thermostat [4]. The simulation time for each
independent simulation is around 200 ns, which is the average time required for the formation of
an emulsion in the 30 independent DMD simulations.This fast sampling time scale benefits from an
implicit solvent and DMD’s algorithm, which is collision driven and based on a discrete potential[38].

3.2.2

CHARMM Simulation
After we obtained the emulsion structure, full atomic CHARMM simulations with explicit

water (TIP3P)[69] were performed starting from the final frame of the corresponding DMD simulations. The enamine emulsion structure is generated by converting all the peptides into enamine and
keep the positions of other molecules the same. The CHARMM36 all-atom force field parameters
[89] were used for the unmodified peptides, and the CHARMM general force field [152] parameters
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were used to describe butanal. The CGenFF (version 3.0.1)[88] was used to generate the force filed
parameter for nitrostyrene, the modified peptide, and the enamine intermediate. NAMD 2.10[71]
was used to generate the molecular dynamics trajectories. Each of the systems, the emulsion system and enamine system, were run for ∼ 30 ns at 310 K and at a constant pressure of 1 atm in
isothermal isobaric ensemble (NPT). The analysis was done at 20 ns−30 ns. All the reagents were
dissolved in a periodic water box with 180 Å And the 1 f s time step was used. Langevin dynamics
with a friction constant of 1 ps−1 were applied to control the temperature of the system. The pressure was maintained by using the Langevin piston method with a piston period of 100 f s, damping
time constant of 50 f s, and a 310 K piston temperature[48]. All the long-range, non-bonded electrostatic interactions were calculated by using the particle mesh Ewald (PME) [31] method. The
cut-off distance of 14 Å and a switch distance of 12 Å was employed to calculate all non-bonded,
short-ranged interactions. The SHAKE algorithm has were to constrain all rigid covalent bonds
that involve hydrogen atoms[5]. For analysis purposes, the trajectory frames were saved every 10
ps. The visual molecular dynamics (VMD)[66] plugins and TCL scripts were used to visualize and
analyze the results.

3.2.3

Analysis
The trajectory at 20 ns−30 ns was utilized to analyze the properties. The analysis were

performed on 1000 frames, which were generated by every 10000 steps with 1 f s time step. The
local number density of butanal around D-proline (catalytic group) was calculated by average over
the number of butanal molecules within 3 Å of D-proline, where the sample is the catalytic group of
each frame. For example, at concentration 17 mM , there were 60 catalytic peptides in each frame
and 1000 frames in total. Therefore, there were 60 ∗ 1000 samples in our calculation. The local
concentration of water and local concentration of nitrostyrene were calculated in similar fashion.
The number density profile has been computed by averaging over the last 10 ns of the simulation.
To calculate the number density distribution of the emulsion, the emulsion has been divided into
a series of shells with thickness 1 Å. The number density profile is calculated by dividing the total
number of target molecules that appeared in each layer (R + δR) by the volume of the layer, where
R denotes the distance from the origin of the emulsion and δR = 1 Å. Also, the number density is
normalized by dividing the total number of target molecules that appeared in the spherical emulsion.
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3.3

Results and Discussion
Wennemers’ group designed a series of amphiphilic H-D-Pro-Pro-Glu-NH2 derivatives that

catalyze symmetric Michael addition reactions of aldehydes to nitroolefins in an aqueous solvent with
high yields and stereoselectivity[43]. The key feature of this type of system is that the amphiphilic
nature of catalysts aggregate with reactants and form a hydrophobic emulsion, which segregates
the transition state from water. Among the derivatives, the H-D-Pro-Pro-Glu-NH-C12 H25 (Figure
3.1a) turns out to be the best catalyst and catalyzes the Michael addition reaction of butanal to
nitrostyrene with a high enantioselectivity 91% ee (Table 3.1 Entry 1). Interestingly, a similar derivative H-D-Pro-Pro-Glu-N-(C12 H25 )2 (Figure 3.1b) bearing with an extra alkyl chain drops in both
reactivity and enantioselectivity (Table 3.1 Entry 2) significantly. Intuitively, the extra hydrophobic
alkyl chain increases the hydrophobicity of the catalyst, which should promote the formation of
emulsion and provide a better hydrophobic environment for the transition state, therefore increasing
the reactivity and/or enantioselectivity. However, the intuitive insight contradicts the experiment
result. We speculate that these subtle differences in the emulsion structure play a significant role
in reactivity and enantioselectivity. An atomic-level of emulsion structure could provide us a better
understanding of subtle differences in the emulsion structure of different systems. Thus the emulsion structures of two catalyst systems in water have been sampled. And the system consists of 60
catalyst molecules, 200 nitrostyrene molecules, and 400 butanal molecules. To take the advantage
of the fast dynamic simulation, the DMD method has been deployed to simulate the process of the
formation of an emulsion. As a comparison, the DMD parameters of the catalyst 1b system are
the same as in the catalyst 1a system that has been described in Chapter 2. To better understand
the effect of water, the full atomic simulations with explicit water were performed by using the last
frame of DMD simulations.

3.3.1

Investigation of Emulsion Structure
Figure 3.2 displays the comparison of emulsion structure between catalyst 1a system and

catalyst 1b system. The sample snapshots were generated from full atomic CHARMM simulations.
The water molecules are excluded to better illustrate the emulsion structure. The majority of
reactant butanal represented in silver color is solvated in water. In contrast, the reactant nitrostyrene
represented in blue color aggregated with catalyst represented in red color to form an emulsion in

43

(a) Catalyst 1a System

(b) Catalyst 1b System

Figure 3.2: Sample snapshots of emulsion structure. The molecules were drawn by using the line
representation for butanal (silver), nitrostyrene (blue) and modified peptide (red).
both systems, which is consistent with the experimental result that both catalyst systems formed
stable emulsions. The amphiphilic catalysts are sitting on the surface of the emulsion and acting as
emulsifiers to stabilize the emulsion structure. By closely comparing the two emulsion structures,
it is found that the head of catalyst 1a is exposed to water, while the head of catalyst 1b is more
buried in the emulsion. This stems from that catalyst 1b tends to tightly aggregate with nitrostyrene
because of increased hydrophobicity resulting from the extra alkyl chain. These observations are
paired with our intuitive understanding that the more hydrophobic catalyst 1b provides a better
isolated hydrophobic environment that protects the active site away from water. So why does this
better isolated hydrophobic environment drop the reactivity to the level lower than that of catalyst
1a? To answer this question, the influence of emulsion structure on reactivity will be explored in
the following section.
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Figure 3.3: Catalytic cycle proposed for Michael addition reactions of butanal to nitrostyrene by
H-D-Pro-Pro-Glu-NH2 derivatives

3.3.2

Investigation of Overall Reaction Rate
The reaction scheme between butanal and nitrostyrene catalyzed by H-D-Pro-Pro-Glu-NH2

derivatives is illustrated in Figure 3.3. According to the reaction scheme, the carbon-carbon bond
formation reaction between the enamine intermediate and nitrostyrene is predicted to be the ratedetermining step. Therefore, the observed rate of product formation is primarily determined by the
formation of enamine intermediate and local concentration of nitrostyrene around the active sites.
Chapter 2 concludes that the enamine intermediate moves into the organic phase and are soaked
in a highly concentrated nitrostyrene environment, where the carbon-carbon bond formation occurs
rapidly similar to that observed in organic solvents. The emulsion structure illustrates in Figure
3.2 indicates that the nitrostyrene assembled by catalysts as an emulsion core in both systems.
Therefore, we envision both systems have the ability to provide a highly concentrated nitrostyrene
environment, thus the local concentration of nitrostyrene should not be a bottleneck for the carboncarbon bond formation step. To make it clear, we will rule out the nitrostyrene factor first and then
focus on the investigation of the enamine formation step.

3.3.2.1

Local Concentration of Nitrostyrene
The average number of nitrostyrene molecules within 3 Å of enamine was examined to

quantitatively understand the local concentration of nitrostyrene. The catalyst 1a system provides
a slightly higher local nitrostyrene environment than that of catalyst 1b system, as shown in Figure
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Figure 3.4: Comparison of average number of nitrostyrene within 3 Å of D-proline between catalyst
1a and 1b system. Error bars represent standard errors.
3.4. The slightly lower local nitrostyrene contraction of the catalyst 1b system arises from the extra
alkyl chains occupying the surface of emulsion (Figure 3.2b) and diluting the local concentration of
nitrostyrene around the enamine. However, on average there are at least 2 nitrostyrene molecules
within 3 Å of enamine to form a carbon-carbon bond in both systems. The result demonstrates
that both emulsion structures provide a highly concentrated nitrostyrene environment, which is
aligned with the conclusion drawn from the emulsion structure. Therefore, the local concentration
of nitrostyrene should not be a key factor that causes significant reactivity enhancement in the
catalyst 1a system. Instead, the ability to generate a high amount of enamine intermediate comes
to be crucial to accelerate the carbon-carbon bond formation.

3.3.2.2

Enamine Formation Step
With the support from the above section that a high concentration of enamine intermediate

is responsible for the rate acceleration, how the emulsion structure affects the formation of enamine
will be discussed. The enamine formation step is the reaction between butanal and catalytic peptide
D-proline from the catalyst. Both local concentration of butanal around the active site and water
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Figure 3.5: Comparison of average number of butanal within 3 Å of D-proline between catalyst 1a
and 1b system. Error bars represent standard errors.
exclusion contribute to the formation of enamine based on the reaction scheme (Figure 3.3). The
following sections will talk about the role of these two factors in the enamine formation respectively.
The average number of butanal molecules within 3 Å of the active center (nitrogen from
D-proline) has been calculated to explore the effect of local concentration of butanal on the enamine
formation. Figure 3.5 shows that the local concentration of butanal in the catalyst 1b system is
higher than that of catalyst 1a system with about a factor of 2. This significant difference is not
intuitively understandable from the emulsion structure shown in Figure 3.2. Because the majority
of the butanal are distributed in the solvent and accessible to D-proline that are located on the
surface of emulsion in both systems. To tackle this problem, the number density profile of each
component (butanal, D-proline, and nitrostyrene) was computed by averaging over the last 10 ns
of the simulation. As shown in Figure 3.6, the number density profile for a spherical emulsion is
computed as a function of distance from the center of the emulsion. The number density profile is
calculated by dividing the total number of target molecules that appeared in each layer (R + δR) by
the volume of the layer, where R denotes the distance from the origin of the emulsion and δR = 1
Å. Also, the number density is normalized by dividing the total number of target molecules that
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(a) Catalyst 1a

(b) Catalyst 1b

Figure 3.6: Number density profile of butanal, D-proline and nitrostyrene
appeared in the system. In the catalyst 1a system, the number density profile of the butanal has a
peak at around 25 Å and has about 5 Å distance away from the D-proline peak at around 30 Å. In
contrast, in the catalyst 1b system, the peak of the number density profile of the butanal overlaps
with the peak of the D-proline. This explains why the catalyst 1b system has a much higher local
concentration of butanal around the D-proline. Another interesting finding is that the butanal seems
evenly distributed in water from the emulsion structure (Figure 3.2). Actually, in both systems, the
number density profile of butanal tells us that butanal concentrated at the surface of the emulsion,
where the number density profile of nitrostyrene drops. This concentrated butanal is important for
the enamine formation.
Based on the proposed reaction scheme (Figure 3.3), the enhancement of local concentration
of butanal is one of the factors that drives the equilibrium toward enamine formation. If the local
concentration of butanal is the only key factor that determines the formation of enamine, the higher
local concentration of butanal in the catalyst 1b system should lead to a higher overall reaction rate
in comparison to that of catalyst 1a system. However, this is contrary to the experimental result that
the overall reaction rate of the catalyst 1a system is higher than that of the catalyst 1b system by a
factor of 2. The possible hypothesis to resolve this contradiction is that the other factor, water, plays
a more important role in promoting the formation of enamine. In addition, Chapter 2 concludes
that water exclusion plays a prominent role in the formation of enamine. To gain insight regarding
the role of water, the local concentration of water was quantified by computing the percentage of
the dehydrated catalyst, where the dehydrated catalyst is defined as the catalyst molecules without
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Figure 3.7: The percentage of dehydrated peptides before and after the formation of enamine. Error
bars represent standard errors.
water molecules within 3 Å of the active center (nitrogen on D-proline). As shown in Figure 3.7, the
catalyst 1a system has a significant dehydration enhancement after the formation of enamine. This
arises from the D-proline exposure to water before the formation of enamine (Figure 3.2a). Different
from the catalyst 1a system, in the catalyst 1b system, only a small change of dehydration occurred
after the formation of enamine. This observation demonstrates that water exclusion occurred before
the formation of enamine. Based on the fact that the dehydration effect of both systems is about
the same level after the formation of enamine, we speculated that the water exposure of D-proline
that occurred in the catalyst 1a system before the formation of enamine is responsible for the rate
enhancement.
To virtually understand the difference in dehydration effect between the 1a and 1b systems
before the formation of enamine, the sample snapshots of emulsion structures before the formation of
enamine are provided in Figure 3.8, where water molecules around the active center (nitrogens from
D-proline) are included. In the catalyst 1a system, the active centers (nitrogens from D-proline)
presented with blue solid van der Waals (VDW ) are more accessible to water (represented in color
red). However, in the catalyst 1b system, active centers are more buried into the emulsion due to
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(a) Emulsion structure with catalyst 1a

(b) Emulsion structure with catalyst 1b

Figure 3.8: Sample snapshots of emulsion structure with water within 3 Å of D-proline. The
molecules were drawn by using the line representation for nitrostyrene (silver), modified peptide
(black) and water (red). The blue solid van der Waals (VDW ) represent nitrogen from D-proline.
the extra hydrophobic alkyl chain, a lot fewer water molecules are accessible to the active center.

3.3.2.3

Effects of Water in Catalytic Cycle
Different from the previous studies that only emphasize the water exclusion [43, 93], we

proposed that the water exposure of D-proline before the formation of enamine actually plays an
important role in the rate acceleration. Incorporating the proposed catalytic cycle scheme (Figure
3.3), D-proline is initially exposed to water and promotes the formation of enamine. The enamine
intermediate is more hydrophobic than that of the catalyst due to the composition of the carbonyl
donor, resulting in the enamine intermediate moving into the organic phase. This provides a hydrophobic environment for the carbon-carbon bond formation step, which has been supported by
studies that water exclusion is required[9]. After the carbon-carbon bond formation between enamine intermediate and nitrostyrene, iminium cation intermediate becomes hydrophilic and tends to
move back to the surface of emulsion, where water is accessible for the hydrolysis of iminium cation
toward the final product. The computational studies demonstrate that water is crucial for the hydrolysis of iminium and responsible for the rate acceleration[9, 68]. After releasing the product, a
new cycle starts with D-proline exposure to water. The microenvironment change of water greatly
benefits from the oil-water interface and therefore provides evidence that the oil-water interface plays
a crucial role in accelerating the reaction rate.
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3.4

Conclusion and Future Work
In this chapter, the DMD and MD simulations were performed to understand the experi-

mental result that the catalyst H-D-Pro-Pro-Glu-NH-C12 H25 accelerates the reaction rate of Micheal
addition reaction of butanal to nitrostyrene under an aqueous environment in composition to the
catalyst H-D-Pro-Pro-Glu-N-(C12 H25 )2 . The atomic-level emulsion structure provided insight into
the role of moieties on emulsion formation. The sampled emulsion structures illustrated that the
extra hydrophobic alkyl chain results in better protection of the active site (D-proline) from water.
However, the quantitative calculations support that the water exposure of the D-proline actually
promotes the formation of enamine and contributes to the overall rate acceleration. Also, we proposed the effect of water in the catalytic cycle, which improved insight into the role of water in
the reaction mechanism. In summary, our study opens up a new understanding of the mechanism
of Micheal reaction in an aqueous solution and promotes the development of the rational design
of catalysts. We also proposed a hypothesis that the iminium cation intermediate (the product of
enamine intermediate and nitrostyrene) becomes more hydrophilic than that of the enamine intermediate and tends to move back to the surface of the emulsion, promoting the hydrolysis due to
higher water accessibility at the surface of the emulsion. This hypothesis has not been tested and
deserves future exploration.
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Chapter 4

Computational Study of Substrate
Scope of Michael Addition
Reaction Catalyzed by
H-D-Pro-Pro-Glu-NH-C12H25 in
Water
The H-D-Pro-Pro-Glu-NH-C12 H25 derived from H-D-Pro-Pro-Glu-NH2 allows for performing Michael addition reaction of aldehydes to nitroolefins in water with high stereoselectivities by
forming an emulsion with the substrates. Different from the reactions processed in the organic solvent, the observed rate of product formation is not only dependent on the reactivity of the substrate
but also heavily on the structure of the emulsion. For the addition reaction of aldehyde to nitroolefins catalyzed by H-D-Pro-Pro-Glu-NH2 , the β-branched aliphatic aldehydes are considered to
be less reactive than the butanal in an organic solvent. However, the β-branched aliphatic aldehydes
provided the product in higher yields with the presence of the H-D-Pro-Pro-Glu-NH-C12 H25 in an
aqueous condition, as compared with the butanal. This interesting result intrigued us to study the
mechanism of how the emulsion structure affects the addition reaction of aldehydes to nitroolefins
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in an aqueous solution. We envisioned that an atomic-level understanding of emulsion structure will
give insights into the reaction mechanism. Therefore, MD simulations have been applied to sample
the emulsion structure for different aldehyde substrates reaction systems.

4.1

Introduction
Since the pioneering work by List and Barbas on the intermolecular proline-catalyzed di-

rect asymmetric aldol reaction[83], organocatalyst has emerged as an important field in asymmetric
synthesis. However, the organocatalyzed reactions are generally carried out in organic solvents[91]
despite that the organocatalysts have been recognized as the simplest mimicked “enzyme”. The
water is a desirable solvent with respect to its environmentally friendly, non-flammable, non-toxic,
and low cost. The development of organocatalyst reactions with high stereoselectivity in presence
of bulk water remains challenging due to the fact that water can interfere with organocatalysts
and disrupt the hydrogen bond or other polar interactions[12, 70]. A great deal of effort has been
devoted to improving the enantioselectivity of organocatalyst in aqueous media. The natural type
I aldolases catalyze the aldol reaction through an enamine-based mechanism in water with excellent enantioselectivity[34]. This desirable high reactivity and enantioselectivity under an aqueous
condition inspired researchers to design a water tolerance organocatalyst for aldol reaction with a
high efficiency and enantioselectivity by mimicking the action of enzymes. The biphasic[60, 65] or
emulsion[58, 94] system attracted considerable attention because of its ability to provide a micro
hydrophobic environment similar to an “enzyme pocket” under aqueous conditions. For instance,
Armstrong and co-workers designed a tert-butylphenoxyproline/cyclodextrin system that catalyzes
the aldol reaction between cyclohexanone and benzaldehyde with excellent enantioselectivity (up
to 99% ee) in presence of bulk water[65]. The proline derivative tert-butylphenoxyproline bearing
with highly hydrophobic tert-butylphenyl moiety facilitates the formation of “oil” droplets during
the vigorous stirring of the reaction mixture and catalyzes the aldol reaction between cyclohexanone
and benzaldehyde with an enantioselectivity up to 93% ee. Interestingly, the reactivity and enantioselectivity dramatically dropped in the “neat” condition by replacing water as cyclohexanone in the
same volume. This indicates that water acts as more than just a solvent. The addition of surfactants
cyclodextrin boosts enantioselectivity up to 99% ee by generating micelles with organocatalysts and
reactants. Barbas’s[94] group equipped diamine with hydrophobic alkyl chain allows for the reac-
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tion between cyclohexanone and p-nitrobenzaldehyde performed with excellent enantioselectivity in
water by forming emulsion without extra addition of surfactants.
The great success in developing the efficient aqueous-phase organocatalyst for aldol reactions
motivated researchers to study the role and merits of water as a solvent. As mentioned above, the
biphasic or emulsion system expanded the concept of a hydrophobic pocket in water. The catalyst
or surfactants assemble with the substrates through hydrophobic interactions, which concentrates
the substrates and diminishes the contacts between bulk water and the reaction transition states,
thus changing the reaction mechanism and stereochemistry. This indicates that the hydrophobic
interactions with water play a key role in the rate acceleration in an aqueous condition. As described above, the asymmetric aldol reaction between cyclohexanone and benzaldehyde catalyzed
by tert-butylphenoxyproline allows for a higher reactivity and enantioselectivity performed in the
aqueous condition in comparison to that in the “neat” condition[65]. Other similar results, that
reactivity and enantioselectivity dropped in the “neat” condition in comparison to those in an aqueous condition, have been reported as well[8, 103, 158]. These experimental results suggest that the
hydrophobic aggregation of reactants caused by biphasic or emulsion systems should not be the most
important factor because reactants are already in their highest local concentration under the “neat”
environment. In addition, the high yield and stereoselectivity were obtained for asymmetric aldol
reactions[26, 65] and cycloaddition reactions[52] by performing emulsion under an aqueous condition. Based on the fact that the reaction performed inside of the emulsion is essentially the “neat”
condition, the reaction performed at the oil-water interface caught researchers’ attention. Theoretical and experimental results demonstrate that the structure of water at the oil-water interface is
different from pure water, and approximately every 25% of the interfacial water molecules have a
free OH group[19, 129, 124]. That water behaves differently near the oil-water interface is also called
“hydrophobic hydration”. Marcus and co-workers carried out theoretical experiments to explore the
nature of the reactions performed at the oil-water interface for the cycloaddition reaction between
quadricyclane and dimethyl azodicarboxylate (DMAD)[70]. The model was built to estimate the
rate constant for both surface and neat conditions, their result shows that the rate constant of the
surface condition increases about 1.5 ∗ 105 -fold in comparison to the neat condition. They proposed
that the dangling OH group at the oil-water interface could protrude into the organic phase, which
contributes significantly to the enhancement of reactivity and stereoselectivity via the formation of
hydrogen bonds with the transition states. The QM/MM calculation conducted by Acevedo’s group
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supports that the oil-water interface plays an important role in the enhancement of enantioselectivity
for the aldol reaction of Acetone to Benzaldehyde[9]. They also pointed out that the hydrolysis of
the iminium benefits from the water near the oil-water interface accounts for the rate acceleration.
The asymmetric Michael addition has gained momentum due to its powerful construction
of the stereoselective carbon-carbon bonds in a single step[21]. Based on the fact that Michael
reaction and aldol reaction share a similar examine-base reaction path[82], biphasic or emulsion
strategies also worked very well for Michael reaction in aqueous media. Barbas’s group designed
a diamine catalyst bearing with hydrophobic alkyl group with TFA, catalyzing the direct asymmetric Michael reaction of cyclohexanone to β-nitrostyrene in water with moderate yield with good
enantioselectivity 89% ee [95]. The replacement of brine with water as a solvent greatly improves
the reactivity and enantioselectivity by the “salting-out” effect, which assembles reactants and excludes water from the organic phase by hydrophobic interactions. Wennemers’ group introduced a
catalyst H-D-Pro-Pro-Glu-NH-C12 H25 to catalyze a range of aldehyde to nitroolefins in water with
high reactivity and enantioselectivity up to 91% ee by forming a stable emulsion[43]. The less reactive 4-methoxy nitrostyrene usually requires double reaction time in comparison to the 4-bromo
nitrostyrene in an organic solvent[144]. Interestingly, the 4-methoxy nitrostyrene shows a higher
reactivity in comparison to the 4-bromo nitrostyrene under an aqueous solution with the presence
of H-D-Pro-Pro-Glu-NH-C12 H25 because the 4-bromo nitrostyrene does not form a stable colloidal
dispersion. This further indicates that the reaction rate not only depends on the reactivity of the
substrates but also on the ability to form stable emulsions in an aqueous environment. Also, another
interesting pattern was found in Table 4.1 Entry 1 and 2, β-branched aliphatic aldehydes allow for a
higher yield in comparison to the butanal in aqueous solution. However, β-branched aliphatic aldehydes are considered to be less reactive than the butanal in an organic solvent[142, 144]. Similarly,
the miscible aldehyde (Table 4.1 Entry 3) allows for a high yield despite that the long aliphatic
alkyl chain at β-position generally has a lower reactivity in an organic solvent[142]. We envisioned
that the subtle structural differences of emulsion in different aldehydes systems are the source of
the differences in reaction reactivity. As shown in Table 4.1, the increasing hydrophobicity of R1
from Et to nHex increases the yield. We speculated that the higher hydrophobic aldehyde tends
to aggregate with substrates. Such aggregation results in the increased concentration of aldehyde
around the oil-water interface, which contributes significantly to the rate enhancement as mentioned
above. To better understand the role of emulsion structure, MD simulations were applied to sample
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Entry

Product

Yield[%]

ee[%]

1

82

91

2

92

92

3

97

93

Table 4.1: Scope of conjugate addition reactions between aldehydes and nitrostyrene catalyzed by
H-D-Pro-Pro-Glu-NH-C12 H25 in pure water

(a) Aldehyde 1a (b) Aldehyde 1b

(c) Aldehyde 1c

Figure 4.1: Chemical structure of aldehyde.
the emulsion structure for different aldehyde substrates reaction systems.

4.2
4.2.1

Methods and Simulation Details
DMD Simulation
All-atom Discrete Molecular Dynamic (DMD)[38] simulations under a periodic boundary

condition were performed to generate the emulsion structure. The model use implicit solvent and
united atoms. The system includes 200 nitrostyrene molecules, 400 aldehyde molecules, and 60
H-D-Pro-Pro-Glu-NH-C12 H25 molecules. The Medusa force field[151] was applied. The force field
parameters for van der Waals (VDW), solvation, covalent bonds, bond angles, and dihedrals were
adapted from the CHARMM19 force field[104]. The concentration 17 mM , which is 60 peptides in
periodic water box with length 150 Å, used in the simulations. The reason we choose 60 peptides is
because 60 is an integer and has a concentration (17 mM ) close the experimental concentration (13
mM ). During the DMD simulations, 30 independent simulations were performed with randomly
generated inter molecular distances and orientations as well as atomic velocities. All DMD simulations were performed at 300 K using the Anderson’s thermostat [4]. The simulation time for each
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independent simulation is around 200 ns, which is the average time required for the formation of
an emulsion in the 30 independent DMD simulations.This fast sampling time scale benefits from an
implicit solvent and DMD’s algorithm, which is collision driven and based on a discrete potential[38].

4.2.2

CHARMM Simulation
After we obtained the emulsion structure, full atomic CHARMM simulations with explicit

water (TIP3P)[69] were performed starting from the final frame of the corresponding DMD simulations. The enamine emulsion structure is generated by converting all the peptides into enamine and
keep the positions of other molecules the same. The CHARMM36 all-atom force field parameters
[89] were used for the unmodified peptides, and the CHARMM general force field [152] parameters
were used to describe butanal. The CGenFF (version 3.0.1)[88] was used to generate the force filed
parameter for nitrostyrene, the modified peptide, aldehyde and the enamine intermediate. NAMD
2.10[71] was used to generate the molecular dynamics trajectories. Each of the systems, the emulsion
system and enamine system, were run for ∼ 30 ns at 310 K and at a constant pressure of 1 atm in
isothermal isobaric ensemble (NPT). The analysis was done at 20 ns−30 ns. All the reagents were
dissolved in a periodic water box with 180 Å And the 1 f s time step was used. Langevin dynamics
with a friction constant of 1 ps−1 were applied to control the temperature of the system. The pressure was maintained by using the Langevin piston method with a piston period of 100 f s, damping
time constant of 50 f s, and a 310 K piston temperature[48]. All the long-range, non-bonded electrostatic interactions were calculated by using the particle mesh Ewald (PME) [31] method. The
cut-off distance of 14 Å and a switch distance of 12 Å was employed to calculate all non-bonded,
short-ranged interactions. The SHAKE algorithm has were to constrain all rigid covalent bonds
that involve hydrogen atoms[5]. For analysis purposes, the trajectory frames were saved every 10
ps. The visual molecular dynamics (VMD)[66] plugins and TCL scripts were used to visualize and
analyze the results.

4.2.3

Analysis
The trajectory at 20 ns−30 ns was utilized to analyze the properties. The analysis were

performed on 1000 frames, which were generated by every 10000 steps with 1 f s time step. The
local number density of aldehyde around D-proline (catalytic group) was calculated by average over
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the number of butanal molecules within 3 Å of D-proline, where the sample is the catalytic group of
each frame. For example, at concentration 17 mM , there were 60 catalytic peptides in each frame
and 1000 frames in total. Therefore, there were 60 ∗ 1000 samples in our calculation. The local
concentration of water and local concentration of nitrostyrene were calculated in similar fashion.

4.3
4.3.1

Results and Discussion
Investigation of Emulsion Structure
The scope of the H-D-Pro-Pro-Glu-NH-C12 H25 catalyzed asymmetric Michael addition be-

tween aldehydes and nitrostyrene in an aqueous solvent were investigated experimentally[43]. Three
different aldehydes bearing with an alkyl chain at β position (Figure 4.2 ) attracted our attention
due to their behave differently in an organic solvent. As shown in Table 4.1 Entry 1 to 3, the yield
and enantioselectivity increase with the increasing hydrophobicity of R1 from Et to nHex. However,
the branched aldehyde (aldehyde 4.1b) and long-chain aliphatic aldehyde (aldehyde 4.1c) generally
had a lower observed rate of product formation in organic solvents[142, 144]. To better understand
the origin of rate acceleration caused by the hydrophobicity of aldehyde, atomic-level emulsion structures of three aldehyde substrate systems were sampled via DMD simulation. The system consists of
200 nitrostyrene molecules, 400 aldehyde molecules, and 60 H-D-Pro-Pro-Glu-NH-C12 H25 molecules,
and is subjected to a periodic boundary condition. To better understand the interactions between
water molecules and catalysts, the full atomic simulations with explicit water were performed by
using the last frame of DMD simulation.
Figure 4.2 shows the sample snapshots of emulsion structure generated from full atomic
CHARMM simulations in terms of three different aldehydes. To emphasize the emulsion structure,
water molecules are excluded. For the three aldehyde systems, catalysts H-D-Pro-Pro-Glu-NHC12 H25 (represented in red color) aggregate with reactant nitrostyrene (represented in blue color)
to form an emulsion, which is in agreement with the experimental result that stable emulsions
are formed in all three systems. The emulsion structure mimics the protein’s pocket to provide a
hydrophobic environment, which diminishes the contacts between the transition state and water.
However, different from the protein pocket which provides a hydrogen-bonding network to allow
catalyzing the highly specific type of substrate[9], the disordered emulsion structure is capable of
catalyzing a broad range of substrates. Also, the enzymes are very sensitive to the structure of
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(a) Aldehyde 1a System

(b) Aldehyde 1b System

(c) Aldehyde 1c System

Figure 4.2: Sample snapshots of modified peptide with aldehyde/nitrostyrene in water system. The
molecules were drawn by using the line representation for aldehyde (silver), nitrostyrene (blue) and
catalyst H-D-Pro-Pro-Glu-NH-C12 H25 (red). Simulation started from randomized initial position.
pockets, a minor change can affect the catalysis dramatically. In contrast, the disordered emulsion
structure is more robust in the face of structural mutation. The researcher speculated that the
disordered proteins may play a unique and crucial role in the origin of life due to the disordered
protein being more robust in terms of mutation[73]. The analogous disordered emulsion structure
formed by tripeptide derivatives acting as an efficient catalyst for Michael reaction, which offers
insight into understanding the evolution of the enzyme.
The emulsion core is a majorly composite of the miscible reactant nitrostyrene, which is
assembled through the interaction between amphiphilic H-D-Pro-Pro-Glu-NH-C12 H25 and water. In
contrast, aldehyde behaves differently depending on its hydrophobicity. The less miscible aldehydes
1a with a low hydrophobicity tend to dissolve in water (Figure 4.2a), and miscible aldehydes 1c
with a high hydrophobicity are prone to aggregate with emulsion(Figure 4.2c). Thus, the emulsion
structure of three aldehyde systems is different in the composition of the emulsion and oil-water
interface. As described above, the reaction performed at the oil-water interface plays a crucial role
in the rate acceleration and enantioselectivity enhancement through forming hydrogen bonds with
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Figure 4.3: Catalytic cycle proposed for conjugated addition reactions of aldehyde to nitrostyrene
by H-D-Pro-Pro-Glu-NH-C12 H25
the transition state in an aqueous solvent[9, 70]. The ratio of aldehyde that composite the emulsion
interface increases with the increasing hydrophobicity of aldehyde from Figure 4.2a to Figure 4.2c.
This increment of aldehyde concentration at the oil-water interface facilitates the enamine formation
by the reaction between aldehyde and catalyst, which potentially explain the yield enhancement from
Table 4.1 Entry 1 to 3.

4.3.2

Investigation of Overall Reaction Rate
The atomic-level structure of the emulsion shed light on the role of the emulsion structure

in rate acceleration by miscible aldehyde. We proposed a hypothesis that the high concentration of
aldehyde at the oil-water interface caused by the increased hydrophobicity of aldehyde promotes the
enamine formation, thus contributing to the rate enhancement. However, the rate-determining step
is predicted to be the carbon-carbon bond formation step between the enamine intermediate and
nitrostyrene rather than the enamine formation step, i.e the reaction of aldehyde to catalyst (Figure
4.3). To support the hypothesis described above, more detailed evidence needs to be provided to
illustrate the increment of aldehyde at the oil-water interface would facilitate the rate-determining
step. In addition, how the concentration of aldehyde at the oil-water interface affects the enamine
formation step needs to be studied quantitatively. Therefore, the role of how subtle differences in
emulsion structure affects the enamine formation and carbon-carbon formation steps are studied
quantitatively as follows.
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Figure 4.4: Comparison of average number of aldehyde within 3 Å of D-proline from H-D-Pro-ProGlu-NH-C12 H25 . Error bars represent standard errors.
4.3.2.1

Enamine Formation Step
Chapter 2 provided evidence that the active site D-prolines, the head part of catalyst H-

D-Pro-Pro-Glu-NH-C12 H25 , sit on the surface of emulsion and interact with water. Therefore, the
process of the aldehyde attacking nitrogen of D-proline performs at the oil-water interface. In
addition, Figure 4.2 provides a virtual understanding of miscible aldehyde increases the aldehyde
concentration at the oil-water interface. To quantify this effect, the average number of aldehyde
molecules within 3 Å of the active center (nitrogen from D-proline) were calculated as shown in
Figure 4.4. The local concentration of aldehyde around D-proline increases with the increasing
hydrophobicity of aldehydes, which is paired with the conclusion drawn from the emulsion structure.
The increased aldehyde concentration drives equilibrium towards the formation of enamine.
However, water exclusion plays a key role in driving the equilibrium towards the formation of
enamine. Therefore, it is necessary to study the role of emulsion structure upon the water exclusion.
Chapter 2 concluded that the enamine intermediate incorporated the carbonyl donor aldehyde, thus
becoming more hydrophobic than the catalyst itself. This results in the enamine intermediate moving
into the organic phase and diminishes the contact with water. Chapter 3 found that enough water
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Figure 4.5: The percentage of dehydrated peptides before and after formation of enamine for three
aldehyde systems. Error bars represent standard errors.
around the active site (nitrogen from D-proline) before the formation of enamine actually promotes
the formation of enamine. To understand the role of emulsion structure upon the water exclusion
before and after the formation of enamine, the emulsion structure with enamine was sampled.
To quantify the role of water, the percentages of the dehydrated catalyst have been calculated before and after the formation of enamine. The dehydrated catalyst is defined as the catalyst
molecules without water molecules within 3 Å of active center (nitrogen on D-proline). As shown in
Figure 4.5, the dehydration effect before the formation of enamine is very small for all three aldehyde
substrate systems. Based on Chapter 3’s conclusion, the small dehydration effect (i.e active centers
are exposure to water) is beneficial for the formation of enamine. Also, a significant dehydration
enhancement was observed after the formation of enamine intermediate for all three aldehyde substrate systems. This aligns with the conclusion drawn from Chapter 2 that the formed enamine
intermediate moves into the organic phase and is excluded from water, which drives equilibrium
towards the formation of enamine. Based on the fact that all three systems have about the same
level of dehydration effect before and after the formation of enamine, the increased aldehyde at the
oil-water interface has a negligible effect on the water exclusion before and after the formation of
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Figure 4.6: Comparison of average number of nitrostyrene within 3 Å of D-proline from H-D-ProPro-Glu-NH-C12 H25 . Error bars represent standard errors.
enamine. Therefore, the dehydration effect has been ruled out to explain the overall rate differences
among those three different systems. With that evidence, it is safe to conclude that the increased
aldehyde at the oil-water interface facilitates the formation of enamine, which contributes to the
carbon-carbon bond formation.

4.3.2.2

Carbon-Carbon Bond Formation Step
With the knowledge about how emulsion structure affects enamine formation, understand-

ing the carbon-carbon bond formation between enamine and nitrostyrene will focus on the local
concentration of nitrostyrene around enamine. The emulsion structure tells us that nitrostyrene
aggregates as an emulsion core, which provides a highly concentrated nitrostyrene environment to
rapidly react with enamine. To quantify the local concentration of nitrostyrene around the active
center, the average number of nitrostyrene molecules within 3 Å of the active center (enamine)
is calculated. As shown in Figure 4.6, the local concentration of nitrostyrene decreases with the
increasing aldehyde hydrophobicity, from aldehyde 1a to 1c. It implies that the concentration of
nitrostyrene is diluted by the increased composition of aldehydes in the emulsion, as illustrated in
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Figure 4.7: Proposed transition state for enamine-based Micheal reaction of aldehyde to nitrostyrene
catalyzed by H-D-Pro-Pro-Glu-NH-C12 H25 at oil-Water interface.
Figure 4.2. However, it is observed that more than one nitrostyrene molecule is surrounded within
3 Å of the active center in all 3 systems. This provides evidence to illustrate that even at the lowest nitrostyrene concentration system the nitrostyrene concentration is still high enough to readily
react with enamine intermediate at the carbon-carbon bond formation step. In addition, compared
to a low concentration of enamine, the high nitrostyrene concentration is not considered to be a
bottleneck of the carbon-carbon bond formation step.

4.4

Conclusion and Future Work
To explore the experimental results that the less reactivity aldehyde in an organic solvent

exhibits higher reactivity in an aqueous solution, we proposed a hypothesis that less reactive aldehydes bearing with more hydrophobic alkyl group at β position, which changes the emulsion structure
and contributes to the rate enhancement. The hypothesis has been tested by utilizing DMD and
MD simulations to sample the emulsion structure of H-D-Pro-Pro-Glu-NH-C12 H25 which catalyzes
Michael addition reaction between aldehyde and nitrostyrene in an aqueous solution. The obtained
atomic-level emulsion structure gave us a virtual understanding of how the hydrophobicity of aldehyde affects the emulsion structure. The higher hydrophobic aldehyde aggregates with catalyst
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H-D-Pro-Pro-Glu-NH-C12 H25 and therefore increases the concentration of aldehyde at the oil-water
interface. The quantitative result demonstrates that the increased aldehyde concentration at the
oil-water interface facilitates the formation of enamine and results in rate enhancement at the carboncarbon bond formation step. The finding that the emulsion structure plays an important role in rate
acceleration at aqueous solution opens up a new platform for the reactions with a substrate that
has less reactivity in an organic solvent. However, the disadvantage of DMD and MD simulations
is that they do not provide information about bond formation and bond breaking. The oil-water
interface plays an important role in rate and enantioselectivity enhancement by forming hydrogen
bonds with transition states. We proposed the transition state of enamine-based Michael reaction of
aldehyde to nitrostyrene catalyzed by H-D-Pro-Pro-Glu-NH-C12 H25 at oil-water interface, as shown
in Figure 4.7. It is worth testing this proposed transition state by using the QM/MM methods in
the future.
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